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Abstract 
Hyperactivation in human semen and sperm subpopulations by selected 
calcium modulators 
N. Ntanjana 
MSc, Department of Medical Biosciences, University of the Western Cape 
  
A functional sperm is critical for successful fertilization in order to deliver an intact genome 
to the site of fertilization. It is often characterized by high motility and normal morphology. 
Moreover, sperm hyperactivated motility is imperative for both detachment from the 
oviductal wall and for penetration into the zona pellucida, subsequently resulting in 
fertilization. Several semen parameters such as volume, colour, sperm morphology and sperm 
concentration are used to clinically discriminate between fertile and sub-fertile males. 
Additionally, several sperm functional tests assess sperm function and a male’s fertility 
potential. A sperm feature that is not currently assessed clinically, but could possibly 
discriminate between fertility and infertility, is hyperactivation. The aim of this project was to 
investigate motility degrees (good, medium and poor) of sperm subpopulations and induce 
hyperactivation in each subpopulation, as well as to sperm in semen, by addition of caffeine 
and procaine. This was achieved by separating three sperm subpopulations from a semen 
sample using the Puresperm density gradient separating technique. Sperm subpopulations 
were exposed to 5mM caffeine and 2 mM procaine respectively for 15, 30, 60, 90 and 120 
minutes. Sperm in semen was exposed to caffeine and procaine using a flush technique and 
analysed at 0, 5, 15, 30, 45 and 60 minutes. Sperm displaying hyperactivation was 
determined using cut-offs for curvilinear velocity, linearity and amplitude of lateral head 
displacement. The results indicate significant differences in overall percentage motility, 
sperm kinematic parameters and hyperactivation among the three subpopulations (p<0.05). 
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Procaine and caffeine both induced hyperactivation in subpopulations, although the most 
pronounced effect of procaine was evident after 15-30 minutes compared to caffeine (60-90 
minutes) in subpopulations. Maximum hyperactivation of sperm in semen was seen after 15-
30 minutes in both procaine and caffeine. Moreover, caffeine had significantly higher 
stimulating effect than procaine. The results suggest that the existence and distinct motility 
characteristics of subpopulations should be considered in future during clinical assessment of 
male fertility, especially when assessing hyperactivation. The immediate and higher 
stimulation response of sperm with the flush technique indicates that the technique may be an 
ideal sperm functional test compared to the separation technique. The separation technique 
may be used to categorize sperm subpopulation of a patient in terms of motility (high motile 
or low motile) and to stimulate such subpopulations with chemicals for use in assisted 
reproduction technologies. 
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Chapter 1: Introduction 
1.1 General introduction 
In the 2002 national survey of the United States of America, a study by the Centers for 
Disease Control and Prevention (CDC) revealed existing male infertility conditions. Both 
genders attribute to infertility statistics worldwide: female and male factors contribute to 
about a third of infertility problems each and the remaining cases are unknown disorders by 
both genders (CDC, 2013). Infertility factors include environmental and hormonal 
imbalances for both genders. Male factors also account for up to 30% of couples undergoing 
in vitro fertilization (Karpman, 2005). The most frequent factors of infertility in males are 
sperm production problems i.e. low sperm count (oligozoospermia) and/or defective sperm 
(teratozoospermia) (CDC, 2013). 
Distinct sperm characteristics i.e. motility, morphology and morphometry influence a sperm’s 
functional ability to reach and fertilize an oocyte. A shortfall in any of these characteristics 
may result in infertility. Infertility is evident when a couple fails to achieve pregnancy after 
one year of unprotected sexual intercourse (Choy and Ellsworth, 2012). An additional sperm 
feature which is not currently assessed clinically, but could possibly discriminate between 
fertility and infertility in males is sperm hyperactivated motility. 
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1.2 Aims and Objectives 
The main aim of this project was to study the difference in potential hyperactivation among 
three sperm subpopulations as well as in neat semen. 
 Aim 1  
This project investigated motility degrees (good, medium and poor) of sperm subpopulations 
and the induction of hyperactivation in all three subpopulations. 
Objectives 
 To separate three subpopulations of sperm from individual semen samples employing the 
PureSperm density gradient separating technique. 
 To subsequently expose sperm subpopulations to caffeine and procaine. 
 To assess sperm motility parameters including hyperactivation. 
Aim 2 
This project investigated the induction of hyperactivation in sperm in neat semen by 
employing the flush technique. 
Objectives 
 To expose sperm in semen to caffeine and procaine.  
 To assess sperm motility parameters including hyperactivation. 
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1.3 Outline of study 
Chapter 2 gives literature background of a functional sperm related to motility, defective 
motility and causes. It further gives emphasis on the importance of separation of sperm from 
the semen. In addition includes fertilization potential, focusing on hyperactivation. Lastly it 
includes calcium modulators (caffeine and procaine) which induce hyperactivation 
artificially. 
Chapter 3 gives the detailed methodology employed in the study as well as the statistical 
analysis. Following chapter 3 is the results section (Chapter 4) of the whole study. Chapter 5 
focuses on discussing the selection of caffeine concentrations, separation of sperm 
subpopulations as well as individual responses of subpopulations to caffeine and procaine. 
Moreover, a comparison is made of the flush technique and separation technique in research 
and clinical work. Lastly chapter 6 concludes with main findings and suggestions for future 
work. 
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Chapter 2: Literature Review 
Introduction 
Spermatozoa are male gametes synthesized in the testis during spermatogenesis and are 
responsible for fertilizing oocytes produced by the female. Preceding fertilization by sperm-
oocyte fusion, an intact genome must be delivered at the site of fertilization; hence a 
functional sperm is essential for fertilization to occur. The mammalian spermatozoon consists 
of a head, midpiece and tail and each of these structural parts have distinct functions. In 
human spermatozoa, the ovate head possess the nucleus and a cap-like acrosome filled with 
hydrolytic enzymes that facilitate penetration of sperm through the zona pellucida. Posterior 
to the head is an elongated midpiece which houses a helix of 22-24 mitochondria known as 
the powerhouse of all cells. Following the midpiece is the tail which contains an axoneme 
and microtubules which play an essential role in sperm motility by the sliding mechanism 
(Fawcett, 1970; Ramalho-Santos et al., 2007). 
Infertility is evident when a couple fails to achieve pregnancy after one year of unprotected 
sexual intercourse (Choy and Ellsworth, 2012). In addition, for women over the age of 35 
years, infertility is defined as unsuccessful conception after 6 months (CDC, 2013). The vital 
action towards resolving infertility is the investigation and diagnosis of the condition for 
subsequent prevention and treatment. Several semen/sperm parameters are evaluated to 
distinguish between fertile and sub-fertile males. The cut-off values approved by the World 
Health Organization (WHO) are as follows: semen volume > 1.5 ml, sperm concentration > 
15 X 10
6
/ml, normal morphology > 4.0% and total motility > 40 % (WHO, 2010). Values of 
parameters below these cut off values may have adverse effects on reproduction such as 
infertility and spontaneous abortion. On the other hand, low semen volume and low sperm 
concentration, which is an indication of low sperm count, may not have an effect on 
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reproduction if there is a high number of spermatozoa with fertilising potential (WHO, 2010). 
Additionally, abnormal sperm morphology causes impairment of sperm motility 
(Gopalkrishanan et al., 1995) and leads to inability of sperm to reach its destination. 
In addition to routine semen analysis, sperm functional tests (e.g. reactive oxygen species 
(ROS)) quantity, zona pellucida binding capability, acrosomal exocytosis occurrence and the 
ability of fusion with the vitelline membrane of the oocyte (oolemma) and DNA quality) 
were commonly used before the introduction of Assisted Reproductive Technologies (ART). 
Unlike ART, sperm functional tests provide valuable information into the cause of male 
infertility rather than bypassing the diagnosis stage by using ART (Lamb, 2010). Their 
significance is to assess the competence of the sperm cell to perform fundamental processes 
essential for fertilization to occur (WHO, 2010). Sperm functional tests and WHO parameters 
are, however, not the only factors that could be used to discriminate between fertile and 
subfertile males. An additional sperm feature which is not currently assessed clinically, but 
could possibly discriminate between fertility and infertility in males is sperm hyperactivated 
motility. 
2.1 Sperm Motility 
Sperm motility is one of the principal parameters used to determine fertility as it aids the 
delivery of sperm to the site of fertilization. Following sperm deposition at the anterior 
vagina, sperm travels to the ampulla of the fallopian tube where fertilization occurs (Elia, 
2010). In its journey, sperm encounters several barriers which act as filters. Posterior to the 
vagina, it enters the cervix which is an acidic environment and contains immunological cells. 
The cervix plays a role in precluding morphologically defective and poor motile sperm. 
Entering the cervix, highly hydrated mucus with increasing microarchitecture in the cervical 
canal allows only vigorously motile and morphologically normal sperm to swim through. 
 
 
 
 
19 
 
Upon entering the uterus, leukocytes is encountered that target damaged sperm shortly after 
insemination. Lastly, before the sperm reaches its destination, increasing branching, height 
and viscoelastic mucus in the lumen of the fallopian tube is encountered (Suarez and Pacey, 
2006). 
2.2.1 Sperm flagellum structure related to motility 
The sperm flagellum is divided into the connecting piece, midpiece, principle piece and end 
piece. The connecting piece is composed of two major columns and five minor columns, as 
well as the proximal and distal centrioles. Posteriorly to the connecting piece, the two major 
columns further divide into two columns adding up to a total of 9 columns (Fawcett, 1970). 
From the proximal centriole, the axoneme extends through the length of the tail.  Following 
the connecting piece, begins the midpiece which encloses the outer dense fibers and axoneme 
with a mitochondrial sheath. The midpiece ends at the annulus where the principle piece 
begins. The principal outer axonemal doublets 3 and 8 are replaced by two fibrous sheaths 
which extend through the length of the principal piece (Figure 2.1) (Turner, 2003; Kim et al., 
2007. At the end of the principal piece, the outer dense fibers and fibrous sheath terminate. 
The only part of the principal piece that remains distally is the portion containing the 
axoneme, which is termed the end piece (Turner, 2003). 
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Figure 2.1 A diagrammatic presentation of mammalian sperm ultrastructure; microtubule 
doublet of the axoneme (OMDA), the central pair of the microtubule doublet (CP), 
mitochondrial sheath (MS), outer dense fiber (ODF), plasma membrane (PM), dyein arms 
(DA) radial spokes (RS), longitudinal columns of fibrous sheaths (LC), two columns 
connected by transverse ribs (TR) (From Turner, 2003) 
 
All components of the sperm flagellum play a vital role in the quality of sperm function. The 
connecting piece was found to play a role in the stability of the proximal flagellum (Ounjai 
and Kim, 2012). It has been shown that a defective connecting piece can lead to 
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teratozoospermia and subsequent spontaneous abortion following fertilization by ICSI (Rawe 
et al., 2002). The midpiece begins at the termination of the connecting piece. The midpiece is 
indicative of sperm maturity by the absence a cytoplasm (Keating et al., 1997). Therefore 
sperm with residual cytoplasm in the midpiece have been inversely related with no or low 
fertilization rate, depending on the amount of cytoplasm present (Keating et al., 1997). The 
effect of residual cytoplasm in the midpiece has been suggested to be caused by ROS 
production which results in lipid peroxidation and evident in defective sperm function 
(Ohyashiki et al., 1998). Moreover, the shape of the midpiece gives valuable information on 
the sperm fertilizing potential. Microscopy analysed sperm with straight midpieces exhibited 
high percentage of aster formation suggesting sperm centrosomal function which a positive 
correlation on fertilization after ICSI (Ugajin et al., 2010). A standard size of a sperm 
midpiece together with the presence of the axoneme and outer dense fibers are of 
significance: A sperm population with unusually long midpiece and the absence of the 
axoneme and outer dense fibers were reported to be the result of severe asthenozoospermia 
(Morreti et al., 2008). Poorly developed, extra or missing outer dense fibers are characterized 
by immotility or non-progressive immotility (McClure et al., 1983). Further into the axoneme 
structure, the disorganization of microtubules e.g. part or total absence of dynein arms and 
radial spokes have also been associated with immotile spermatozoa (Bacetti et al., 2009).  
2.2.2. Sperm flagellum (midpiece and principal piece) ultra-structure related to motility 
The motor apparatus of the sperm tail, the axoneme complex, begins at the anterior end of the 
midpiece. It consists of a single pair of microtubules situated in the centre of nine uniformly 
spaced pairs of microtubules (doublets) seemingly attached by radial spokes which are 
anchored on the central pair and the Dynein Regulatory Complex (DRC) protein close to the 
dynein arms (Fig. 2) (Heuser, 2009; Lindemann and Lesich, 2010). The nine pairs each 
contain subunit A which is completely circular in cross section view and subunit B which 
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appear as an incomplete tubule and has a diameter larger than that of subunit A (Sui and 
Downing, 2006; Lindemann and Lesich, 2010). Subunit A has extra components compared to 
subunit B, including two dynein arms (outer and inner) that project clock-wise towards 
subunit B of the next doublet (Figure 2.2) (Lindemann and Lesich, 2010). 
 
Figure 2.2 Schematic diagram of the flagellar axoneme in cross-section. DRC, Dynein 
Regulatory Complex (Lindemann and Lesich, 2010) 
Sperm motility depends on the axonemal complex of microtubules (9+2) and the additional 
row of outer dense fibres (9+9+2) which are believed to be accessory motor elements (Pesch 
and Bergmann, 2006; Lindemann and Lesich, 2010). Ciliary movements are caused by 
coordinated sliding interactions between peripheral doublet microtubules of the axoneme. 
ATP binds to the dynein arms of subunit A which trigger a shear force on subunit B of the 
next microtubule which results in sliding of microtubules along their length (Figure 3). Both 
the radial spokes and DRC possess calcium binding proteins, centrin and calmodulin 
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respectively. The binding of calcium on dynein causes an increase in dynein activity (sliding) 
by a mechanism of modulation which involves a signal transduction pathway that includes 
calmodulin and calmodulin dependent kinase (Smith, 2002). The sliding of microtubules 
along each other’s length as a result of the dynein in the presence of ATP results in bending 
of the flagellum due to restriction of movement caused by nexin between microtubules 
(Figure 2.3). Thus sperm motility movement is due to the action of the dynein on opposite 
sides which bend the flagellum in opposite directions in the flagellar beat cycle (Lindemann 
and Lesich, 2010).  
 
Figure 2.3 Axoneme dynein arms generating flagellar beat; microtubule doublets of the 
axoneme (OMDA) (from Turner, 2003) 
Pedersen and Rebbe (1975), Alfzelius et al. (1975) and Harlow (2004) reported 60-100% 
immotility in spermatozoa that lacked dynein arms, had extra course fibers and additional 
axonemal microtubules. These findings suggest the essentiality of the axonemal apparatus for 
sperm motility which is paramount for fertility to occur. Zhang et al. (2006) reported that 
SPAG16L (a protein associated with the central doublet pair) deficient animals resulted in 
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markedly low sperm count and motility defects. In concordance, Sapiro et al. (2002) reported 
that approximately only 50% spag6 deficient mice survived to maturity. The surviving half 
had markedly frequent loss of the sperm head and disorganization of flagellar strucures.  
McLachlan (2012) reported on a man suffering from primary infertility with total sperm 
immotility and impaired morphology as a result of abnormal connecting pieces, shortened 
midpieces with attenuated mitochondrial sheaths, poorly developed annuli, abnormal outer 
dense fibers and axonemes missing the central doublet microtubules. These studies thus 
indicate that the axonemal apparatus in its entirety to be vital for sperm motility and fertility. 
2.2.3 Causes of defective sperm motility 
A defective sperm may be evident in sperm motility disorders, impaired morphology and the 
inability of sperm to bind to the oocyte (Liu and Baker, 2000). Three possible causes of 
defective sperm amongst others are ROS, environmental factors, diet and genetic factors 
(Chenoweh, 2005; Aitken et al., 2013). 
2.2.3.1 Reactive Oxygen Species (ROS) 
Reactive oxygen species are free radicals derived from molecular oxygen. They play a role in 
immune defense and recently have been identified to also play a role in cell signalling by 
influencing cell proliferation or death (apoptosis or necrosis), gene expression of a wide 
range of genes such as glutathione S-transferase as a result of hydrogen peroxide and 
activation of cell signalling cascades such as the mitogen activated protein kinases pathway 
which leads to gene modulation. However, ROS may have deleterious effects in excessive 
amounts (Hancock et al., 2001). 
In the male reproductive system ROS are produced by both spermatozoa and leukocytes. 
Leukocytes are present in every ejaculate and have been identified to produce 1000 times 
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more ROS than spermatozoa (Wolff, 1995; Lamirande and Gagnon, 1995). Similar to their 
function in other tissues, ROS in semen are involved in immunological reactions, thus 
eliminate invading foreign molecules. In excessive amounts that exceed natural levels of anti-
oxidants due to leukocyte accumulation, oxidative stress is common in half of infertile 
patients hence high levels of ROS. At such high levels, ROS cause lipid peroxidation which 
consequently leads to axonemal protein phosphorylation and sperm immobilization and 
ultimately results in decline of sperm motility and inability of sperm-oocyte fusion (Coccuza 
et al., 2007; Tremellon, 2008). 
2.2.3.2 Environmental factors 
The environment is composed of the physical, biological, behavioural and socioeconomic 
factors which all play a crucial role in reproductive function. The male reproductive system is 
especially sensitive to the environment (Negro-Vilar, 1993). Oliva et al. (2001) reported that 
men exposed to pesticides (biological factor) exhibited sperm motility of less than 50% 
compared to a non-exposed group which had sperm motility of above 50%. In concordance, 
environmental estrogens (biological factors) such as polychlorinated biphenyls (PCBs) and 
phthalate esters (PEs) which have been discovered to be endocrine disruptors were reported 
to have a negative effect on semen parameters including motility, hence men exposed to these 
substances suffered from infertility(Rozati et al., 2002). In addition, Auger et al. (1995) also 
reported testestorone, sperm motility and fertility decline due to idiopathic infertility caused 
by endocrine disruptors. The reproductive function is also affected by physical factors, i.e. 
ambient temperature; hence boars maintained in high ambient temperatures were reported to 
have a decline in sperm motility and quality of non-aged acrosomes (Wetteman et al., 1997). 
These results are in agreement with a study in humans by Shefi et al. (2007) where direct 
exposure of the reproductive structures to hot baths and jacuzzis revealed a significant 
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decrease in total mean sperm count and sperm motility. In addition, it was reported that non-
smokers’ total sperm count and sperm motility did not show any significant difference before 
and after exposure to heat thus indicating the negative irreversible impact tobacco has on the 
reproductive function (Behavioural factor) (Shefi et al., 2007). Socioeconomic factors also 
play a significant role in health. Hammoud et al. (2008) reported that oligozoospermia as well 
as low progressive sperm motility were correlated with increase in BMI. This study found a 
significant difference of sperm concentration and sperm progressive motility between normal 
weight, overweight and obesity indicating that obesity is a factor in the status of fertility of an 
individual. 
2.2.3.3 Genetic factors 
Infertility affects approximately 15% of couples and genetic factors account for 15-30% of 
these cases (Shamsi et al., 2011). Genetic factors may directly or indirectly result in sperm 
abnormalities, e.g. acrosome defects, head defects, midpiece abnormalities and tail defects. 
Genetic factors affecting sperm function may be from the sperm genome or mitochondrial 
DNA. Non-asthenozoospermia and asthenozoospermia groups were analysed for haplogroup 
H and T in the mtDNA. Non-asthenozoospermia individuals appeared to have an 
overrepresentation of haplogroup H and asthenozoospermia individuals had an 
overrepresentation in haplogroup T. The validity of the genetic cause is confirmed by the fact 
that both haplogroups belonged to the same population of donors (Moore et al., 2000). 
Asthenozoospermia may also arise from numerous sources i.e. the 200-300 genes which play 
a role in the assembly and proper functioning of the axoneme and the sperm flagellum (Oates, 
1998). Amongst these, numerous CatSper genes may have an essential role in sperm motility 
and defects in these genes may result in asthenozoospermia. Mutations in CatSper1 gene 
which is a subunit of a family of four have been demonstrated to cause infertility in both 
humans and mice by an evidence of low sperm motility (Avenarius et al., 2009).  
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2.2.4 Analysis of sperm motility 
Various methods used to assess sperm motility, including both manual and automatic 
methods, have been in existence since 1953 (Mortimer, 1990). These different methods of 
assessment do, however, not always result in comparable motility data. For example, the 
results obtain with a Neubauer counting chamber combined with a phase contrast microscope 
and Computer-aided Sperm Analysis (CASA) were incomparable when used to analyse rapid 
progressive, slow progressive and non-progressive sperm. The Neubauer counting chamber 
and phase contrast microscope means of sperm were 14% less than when obtained by CASA 
(Vested et al., 2011) 
 Before the current CASA systems were developed, time-lapse photomicrography and 
cinemicrography were used. The latter two methods involved the opening of the shutter of a 
photomicroscope for one second and the traces on the film were used to measure and 
calculate quantitative sperm motility parameters. Motile sperm were followed by projection 
of sequential frames of the developed film strip. A video micrograph was developed in 1981 
where a video camera, a recording video tape and an erasable pen was used to trace the tracks 
of sperm motility hence sperm kinematic parameters could be determined manually and later 
by the use of Apple II automatically. A shortfall of the previously described systems and their 
methods is that they are time consuming for both research and clinical uses (Mortimer and 
Mortimer, 1990).  Following the previous systems and their methods, several CASA systems 
were developed which is an instrument used to automatically analyze the quality of a sample 
population by detecting individual sperm tracks. It is connected to computer software which 
organizes data and analyzes it statistically. The usage of CASA is best for kinematic analysis 
of spermatozoa because its ability to detect motile cells. In addition, some CASA system 
have semi-automated morphology module as well as concentration detection ability (WHO, 
2010). 
 
 
 
 
28 
 
CASA systems recognize the sperm head by identifying the brightest point of the sperm head 
and thereafter the sperm trajectory can be determined. The area around the sperm head is a 
predetermined distance in which sperm may move in a certain time interval. From the sperm 
track construction a series of dynamic values of sperm are calculated (Figure 2.4) (Lu and 
Huang, 2013). When CASA systems are combined with a computer, sperm concentration and 
motility is detected by a digital camera and converted to digital signal and subsequently 
processed with digitalization and automatically converted to corresponding semen 
parameters. Recently new CASA systems have built in control function that allows playback 
and correction of error in earlier analysis (Lu, 2012). Sperm motion parameters measured are 
composed of three values on motion parameters, three on velocity ratio and three reflecting 
sperm wobble characteristics (Table 2.1.) 
 
Figure 2.4 Standard terminology for kinematic parameters measured by CASA 
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2.2.5 Cut off values for normal sperm motility and hyperactivated motility 
Sperm motility i.e. progressive sperm motility is related to pregnancy rates and is therefore an 
important sperm function to be assessed (WHO, 2010). It is recommended that spermatozoa 
are graded into at least two classes of sperm motility, namely progressive sperm (straight or 
circular moving sperm) and non-progressive sperm  (small circle when only a flagellar beat 
can be observed or flagellar beat not visible) (WHO, 2010). Sperm motility cut off values for 
fertile males are total motility ≥ 40% and total progressive motility ≥ 25%. An abnormal 
result is progressive spermatozoa less than 25% and rapid progressive less than 15% (WHO, 
2010; Mortimer and Mortimer, 2013). Although cut offs for CASA kinematic parameters 
VCL 
 
 
 
 
VCL, curvilinear velocity (µm/s). Time-averaged velocity of a sperm head along 
its actual curvilinear path, as perceived in two dimensions in the microscope. A 
measure of cell vigour. 
VSL 
 
 
VSL, straight-line (rectilinear) velocity (µm/s). Time-averaged velocity of a 
sperm head along the straight line between its first detected position and its 
last.  
VAP 
 
 
 
 
 
VAP, average path velocity (µm/s). Time-averaged velocity of a sperm head 
along its average path. This path is computed by smoothing the curvilinear 
trajectory 
according to algorithms in the CASA instrument; these algorithms vary 
between instruments, so values may not be comparable among systems. 
 
ALH 
 
 
 
 
 
ALH, amplitude of lateral head di placement (µm). Magnitude of lateral 
displacement of a sperm head about its av rage th. It can be expr ssed as a 
maximum or an average of such displacements. Different CASA instruments 
compute ALH using different algorithms, so values may not be comparable 
among systems. 
 
LIN 
 
LIN, linearity (%). The linearity of a curvilinear path, VSL/VCL. 
 
STR 
 
 
STR, straightness (%). Linearity of the average path, VSL/VAP. 
 
BCF 
 
BCF, beat-cross frequency (Hz). The average rate at which the curvilinear path 
crosses the average path. 
WOB WOB, wobble (%). A measure of oscillation of the actual path about the average 
path, VAP/VCL. 
Table 2.1 Definitions for kinematic parameters determined by CASA  
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between fertile and non-fertile males have not been defined, non-hyperactivating and 
hyperactivating kinematic parameters have been determined. Mortimer and Mortimer (1990) 
reported that VCL ≥ 40µm/s, LIN ≥ 60% and amplitude of lateral head displacement < 5 are 
non-hyperactivating spermatozoa. Hyperactivated sperm was reported to have the following 
motility characteristics: VCL ≥ 150µm/s, LIN ≤ 50% and ALH ≥7.0µm (Mortimer and 
Mortimer, 2013). 
 The effect of exogenous chemicals on sperm function show evidence in changes detected in 
sperm kinematic parameters. Mukhopadhyay et al. (2010) observed a significant decrease in 
VCL (P= 0.029) and STR (P=0.007) between tobacco exposed males compared to the non-
exposed group. Furthermore Mukhopadhyay et al. (20101) reported a significant decline in 
the mean values of VCL (P=0.014) and ALH (P=0.040) were observed in heavy metal 
exposed men compared to the unexposed. Certain sperm kinematic parameters have also been 
correlated to conception and pregnancy rates in humans. Larsen (2000) reported that VCL ≥ 
25 µm/s is a predictor of natural conception and similarly Shibahara et al. (2004) reported 
that rapid motility > 25.5 % and VCL > 102 μm/s were predictors of pregnancy by 
Intrauterine Insemination (IUI). Young et al. (2011) assessed sperm motility parameters by 
CASA in 383 IUI cycles. Specific CASA parameters such as VAP, RAPID, VSL, VCL, as 
well as sperm concentration and motility were significantly different between the pregnant 
group and the non-pregnant group, the pregnant group having higher mean values than the 
non-pregnant group.  
2.3 Sperm separation  
2.3.1 The significance of sperm separation 
Within the female reproductive tract, sperm is separated from the seminal plasma, debris and 
other cells that might be present in semen. Additionally, it is further separated according to 
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certain characteristics, e.g. sperm motility and sperm morphology. Defective and impaired 
spermatozoa are precluded from passing through the cervix as a result of highly hydrated 
mucus which impedes motility. Further up in their journey, spermatozoa are phagocytised in 
the uterus due to low motility and foreign antigenicity on the membrane. Before reaching the 
oviduct, spermatozoa are separated according to degrees of motility (sperm with high 
velocity moving through) because of the complex mucosal folds of the fallopian tube which 
increase in height and branching (Suarez and Pacey, 2006). 
A sperm population is heterogeneous containing several subpopulations within the same 
ejaculate (Dorado et al., 2010). These subpopulations differ in their response to conditions 
such as the environment and chemicals (Holt and Van Look, 2004). Therefore, in order to test 
an ejaculate under certain conditions or treatments, it has been recommended that it be 
separated into subpopulations with different motility parameters (Maree and Van der Horst, 
2012. This would be a reflection of a response in each subpopulation giving accurate means.  
 
In in vitro studies, various separation methods have been introduced to mimic in vivo 
conditions of the female reproductive tract. Separation techniques such as the swim up and 
density gradient centrifugation are also used to protect sperm from the effects of various 
semen components i.e. inhibition of the acrosome reaction, premature hyperactivation and 
adverse effects of reactive oxygen species as a result of long exposure to seminal plasma 
(Mortimer and Mortimer, 1998). In concordance, Jaffe et al. (2006) reported that sperm 
incubated with seminal plasma exhibited lower motility compared to separated sperm and 
incubated in a pure physiological medium. Sperm separation is thus a useful tool in both 
research studies and clinically, as it allows for selection of functional spermatozoa or any 
desired subpopulation. Moreover it allows molecular studies in research and ART 
technologies to be possible (Morrell and Rodrigues, 2009; Mortimer and Mortimer, 2013). 
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The study of sperm subpopulations is recommended rather than relying on the mean value of 
the whole ejaculate. Mean values are likely to mask the responsiveness of certain 
subpopulations in the sample if the sample is composed of heterogeneous subpopulations. 
Moreover, studying sperm populations has been correlated with fertility potential of the 
ejaculate hence studying individual subpopulations improves the response of a single 
subpopulation to a specific chemical (Nunez-Martinez et al., 2006). Several techniques have 
been used to separate spermatozoa from the rest of the ejaculate and some into 
subpopulations by providing barriers for abnormal, low motile, dead and dying spermatozoa 
(Morrell and Rodriguez-Martinez , 2009; Mortimer and  Mortimer, 2013). 
 
2.3.2 The ideal sperm separation technique 
Sperm separation techniques have been available for decades, from simple techniques as 
needle and swim up to complex techniques like migration, density gradient and filtration 
techniques. These techniques have been modified and developed through the years for the 
advancement of assisted reproductive technologies and research studies (Henkel and Schill, 
2003; Barroso et al., 2006) 
 
The ideal sperm separation technique should be quick, easy and in expensive, able to harvest 
large quantities of spermatozoa, not damage the spermatozoa in the process, able to exclude 
non-vital spermatozoa, other cells, leukocytes, bacteria, toxic or bioactive substances like 
decapacitation factors or ROS, and allow for processing of larger volumes of ejaculates 
(Henkel and Schill, 2003). In the present study, one of the aims was to separate sperm 
according to their different motility degrees for the true reflection of the effect of certain 
chemicals on spermatozoa. 
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2.3.3 Sperm separation technique comparisons 
Percoll, which was used as a density gradient separation media, was removed from the 
market as a result of contamination with endotoxins. After its removal IxaPrep (Medicult), 
Nycodenz (Progen Biotechnic), SilSelect (Fertipro), PureSperm (Nidacon) and Isolate (Irvine 
Scientific) were developed (Henkel and Schill, 2013). In this study PureSperm density 
gradient centrifugation was used. Below is a comparison of PureSperm density gradient 
techniques with several available techniques. 
 
 Sakkas et al. (2000) compared the PureSperm and swim up techniques by assessing nicks 
and breaks of sperm chromosomes after exposing sperm to these two separation techniques. 
The results indicated the ability of PureSperm centrifugation to separate sperm with no or less 
damage than those with severe DNA damage by the swim up technique. Similarly Schill and 
Henkel, 2003 reported that when glass wool filtration, swim up and PureSperm were 
compared, higher to lower chromatin condensation was observed respectively. Moreover, 
PureSperm yielded significantly higher morphological normal sperm. However, the 
significance of chromatin condensation was not observed in assisted reproduction. In 
compliance with the result of the PureSperm technique being an efficient method, fertile 
(normazoospemia) and infertile (teratozoospermia) sperm samples were selected to determine 
sperm chromosomal aberrations. The results indicated higher chromosomal aberrations in 
neat semen of infertile compared to fertile males. After centrifugation, motility and normal 
morphology increased significantly in both groups. Moreover, processed semen 
(centrifugation) had less chromosomal aberrations (aneuploidy and diploidy) than neat semen 
(Brahem et al., 2012).  In comparing the centrifugation method and swim up, the latter 
recovers not only sperm but also other non-sperm components and sperm were observed to 
have higher DNA damage compared to in the centrifugation method (Zini et al., 2000).  
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Although no technique meets all the qualities desired, PureSperm technique covers a number 
of them: increases sperm survival time, removes sources of ROS, removes bacteria, removes 
sperm with abnormal DNA and improves cryo-survival, yield and recovery compared to 
swim-up techniques (Chiamchanya et al., 2009).  
 
2.3.4 The effect of centrifugation on sperm separation 
 
For ART and research purposes human spermatozoa must be separated from the seminal 
plasma environment in order to minimize seminal plasma and bacteria carryover. Currently 
the most effective and used technique is the density gradient centrifugation (Mortimer and 
Mortimer, 2013). Repeated centrifugation has however been reported to induce a significant 
increase in ROS in the pellet of non-separated population of spermatozoa (Shekarriz et al., 
1995). 
 
In a study where time was compared to centrifugation g force, it was concluded that the 
production of ROS is depended on the period (time) of centrifugation rather than the force: 
longer centrifugation resulted in more damaged sperm (Shekarriz, 1995; Lampiao, 2010) as a 
result of ROS. Centrifugation at a minimal time resulted in increased percentage of 
spermatozoa with normal morphology, intact DNA, normal chromatin condensation, motility 
parameters measured by CASA and the percentage of capacitated spermatozoa with tyrosine 
phosphorylated proteins compared to the control group.  Moreover the results demonstrated a 
positive effect on in vitro oocyte penetrating ability (Matas, 2010). 
 
2.4 Sperm hyperactivated motility 
 
Capacitation is a pre-requisite for fertilization to occur. It is composed of series of 
biochemical and membranous changes of spermatozoa that enable them to reach and bind to 
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the zona pellucida and olemma, undergo acrosome reaction and ultimately fertilize oocyte(s) 
(Jaiswala et al., 1998). Another event that contributes to the entity of capacitation is sperm 
hyperactivation which is an essential step for fertilization to occur (Lamirande et al., 1997). 
Sperm hyperactivation is characterized by vigorous beating of the flagellum and 
asymmetrical movement (Ho and Suarez, 2001). It is typically observed around the time of 
fertilization in the oviductal ampulla (Suarez, 1996). Hyperactive motiliy assists spermatozoa 
in detaching from the uterine epithelium and enables it to swim through viscoelastic 
substances such as mucus that fills the uterotubal junction, extends into the isthmus in 
humans and extracellular matrix of the cumulus oophorus (Suarez and Pacey, 2006). 
Premature hyperactivation could hinder the sperm from reaching the fertilization site 
therefore fertility of sperm is linked to low spontaneous hyperactivation (Suarez, 1996).  
 
2.4.1 Activation of sperm hyperactivated motility 
 
Hyperactivation is triggered by various signals in different parts of the flagellum such as the 
calcium pathway. This was demonstrated in demembraned rat sperm where flagellum bend 
amplitude correlated directly with the amount of calcium in the medium (Suarez and Dai, 
1995). The route in which calcium reaches the intracellular sperm tail is through plasma 
membrane calcium channels and was confirmed by antagonists that blocked calcium 
channels, causing hyperactivation to cease (Suarez, 1996). Cyclic nucleotide (cAMP) gated 
channels control the entry of Ca
2+
 in the entire flagellum through the α-subunit of cyclic 
nucleotide gated channels (Weisner et al., 1998). Murine et al., (2004) reported a correlation 
between calcium concentration increase and ALH increase in human sperm which is a 
predictor for fertilization. In addition, Alasmari et al. (2013) reported that defective calcium 
channels in the human sperm flagellum resulted in poor hyperactivation and that the ability to 
undergo artificialyl induced hyperactivation may improve fertilization capacity. Increased 
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intracellular cAMP also plays a role in hyperactivation, since hyperactivated motility was 
observed when cAMP was increased in vitro (White and Aitken, 1989). Protein kinase was 
reported to regulate sperm motility through cAMP dependent phosphorylation of proteins 
localized in region of the fibrous sheath in mouse spermatozoa (Kinukawa et al., 2003). 
Calogero et al. (1998) reported that in the presence of pentoxifylline which induces 
hyperactivation, cAMP and percentage hyperactivation increased in human sperm. Lastly, 
CatSper, a sperm cation channel, is also associated with hyperactivation. It is a presumed six 
unit membrane voltage gated ion channel located in the sperm flagellum (Navarro et al., 
2008). In numerous studies of knockout mice, it was shown that the absence of any one of the 
genes coding for subunits of CatSper demonstrated normal initial motility, however, 
immediate decrease of percentage motility and no occurrence of sperm hyperactivation which 
led to failure of penetrating the zona pellucida and ultimately resulted in infertility (Jin et al., 
2007).  
 
2.4.2 Sperm kinematic cut off values for hyperactivation 
 
When stallion sperm samples were analysed by CASA, an increase in lateral head 
displacement, flagellar bend amplitude and beat symmetry depicted hyperactivated motility 
(McParklin, 2009). In addition, Kinukawa et al. (2003) reported an abrupt increase of VCL, 
VAP and STR at the onset of sperm hyperactivation followed by a gradual increase in LIN 
and VAP in hamster sperm. Mortimer and Mortimer (2013) gave exact kinematic parameter 
cut off values for human sperm according to previous andrological research, namely VCL ≥ 
150 µm/s, LIN ≤ 50% and ALH ≥ 7.0 µm.  
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2.5 Human CatSper genes and Channels 
 
CatSper genes are exclusively expressed in mice testis and the flagellum of mature 
spermatozoa in humans (Li et al., 2007). They encode sperm cation channels, which are 
presumed to be six subunit membrane voltage gated ion channels consisting of four 
homologous α subunits (CatSper 1–4) (Navarro et al., 2008; Kirichok and Lishko, 2011) and 
at least three auxiliary subunits: CatSper β (Liu et al., 2007), CatSper γ (Wang et al., 2009) 
and CatSper δ (Chung et al., 2011).  
 
2.5.1 CatSper channel activation 
 
CatSper receptors derive their name from being isolated as putative sperm cation channels.   
The CatSper channel has a voltage sensor which comprises of a charged residue every third 
position in TMS4 and a histidine rich site at the end of amino of TMS1 in CatSper 1, which is 
a pH indicator (Dickenson et al., 2003). CatSper is stimulated by progesterone in humans 
within the female reproductive tract. This was observed when Ca
2+ 
progesterone dependent 
influx did not occur in the absence of CatSper (Strunker et al., 2011; Smith, 2012). It has also 
been found to be activated by diverse chemicals: steroids, prostanglandins, odorants, menthol 
and analogous of cyclic nucleotides (Brenker et al., 2012). CatSper activation also occurs by 
pH alkalinization via a Hv1 channel which is located in the sperm flagellum (Polina et al., 
2010). As previously described, this happens via secondary messenger signaling pathways 
and occurs via numerous extracellular sites of the CatSper channel (Figure 2.5.) (Barratt and 
Stephen, 2012)  
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2.5.2 CatSper mechanism of action 
 
 
 
 
 
Figure 2.5 The role of human CatSper in human is illustrated above (Mannowetz, 2013). 
Within the uterus and fallopian tube, CatSper is activated due to the intracellular 
depolarization caused by proton influx through Hv1 and picomolar- to nanomolar 
progesterone (P) concentrations. However, to achieve full activation of CatSper, flagellar 
plasma membrane must be fully depolarized. This occurs when sperm KSper is inhibited, the 
channel responsible for membrane hyperpolarization. In close proximity to the oocyte, 
spermatozoa are exposed to micromolar concentrations of P, which inhibit hKSper, resulting 
in membrane depolarization. These series of events allow full activation of CatSper, 
subsequently sperm hyperactivation which aid spermatozoa to penetrate through the olemma, 
and achieving fertilization (Mannowetz, 2013). 
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2.5.3 CatSper1, 2, 3 and 4 subunit function 
A study on CatSper1 null mice using photometric measurements indicated lack of 
hyperactivation compared to the wild type group of mice. The results suggest that CatSper1 is 
responsible for the Ca
+2 
influx which is essential for hyperactivation to take place (Carlson et 
al., 2003; Kirichok et al., 2006). Similarly, in a human CatSper1 sperm study where recessive 
infertility was identified, it was reported that mutation of the CatSper1 gene had led to 
development of non-functional CatSper channels. The results indicated the importance of 
CatSper 1 channel in sperm function and especially for hyperactivated motility (Avenerius et 
al., 2009) and affirmed its requirements in both mouse and humans. 
 
Since the CatSper channel is not only comprised of CatSper1, but of many subunits, studies 
involving other subunits are vital for understanding the functioning of the entire CatSper 
channel. In an investigation of the significance of CatSper2 subunit, protein expression in 
normozoospermic and oligoasthenozoospermic human sperm were determined using Western 
Blotting and immunofluorescence. The results indicated low levels of CatSper 2 in 
oligoasthenozoospermic sperm compared to normozoospermic sperm.  Furthermore, 
expressions of CatSper2 were higher in individuals with > 60% total motility than those with 
< 30% total motility. It was suggested that increased levels of CatSper2 proteins were 
positively associated with sperm motility parameters (Bhilawadikar et al., 2013).  
 
CatSper3 and Catsper4 genes were discovered and identified to be homologous to CatSper1 
and CatSper2 (Jin, 2007). The knock-out of CatSper3 and CatSper4 genes in mice resulted in 
a drastic decrease of sperm motility within two hours indicating low fertility potential as the 
sperm would not reach the site of fertilization (Jin et al., 2007; Qi, 2007). Moreover, inability 
to penetrate the oocyte and lack of hyperactivation was observed. It was then concluded that 
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CatSper 3 and 4 were essential for maintenance of sperm motility, survival, hyperactivation 
and fertility success (Jin et al., 2007).  In addition to the essential role of Catsper 1, 2, 3, 4, it 
has been further identified that in mice spermatozoa, CatSper γ which is an auxillary protein 
is also essential for fertility. Mice spermatozoa lacking CatSper γ did not display 
hyperactivation and Ca
+2 
current did not occur and hence resulted in infertility. Furthermore, 
sperm lacking CatSper1 consequently lacked CatSper β and showed similar effects as 
CatSper γ in male fertility (Chung et al., 2011).  
 
CatSper channel as an entity is of vital importance for fertility. CatSper gene expression is 
directly proportional to the development of spermatozoa (Yang and Wang, 2006) thus low 
expression of the CatSper channel in low motile spermatozoa suggests its role in the 
functionality of sperm (Nikpoor et al., 2004). In human sperm, the expression of CatSper2 
and CatSper3 were higher in high motile sperm than in low motile sperm suggesting that they 
may be important in infertility screening (Li et al., 2007). Moreover, the inhibition of 
CatSper1 in human spermatozoa resulted in inhibition of fast motility and progressive 
motility suggesting that CatSper1 could be a potential target for immunocontraception (Li et 
al., 2006).   
 
2.6 Phosphodiesterases  
 
Phosphodiesterases are enzymes that regulate/control second messengers such as cAMP and 
cGMP by controlling their rates of degradation, e.g. cAMP is hydrolyzed at 3’ by a 
phosphodiesterase (Figure 2.8.) (Bender and Beavo, 2006). cAMP stimulated 
phosphorylation activates protein kinase which plays a role in initiating sperm motility in the 
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epididymis and maintaining it in mature sperm (VandeVoort et al., 1994; Jaiswal et al., 
1996).  
                                    
Figure 2.8  Phosphodiesterases hydrolyze the 3-cyclic phosphate bond of cAMP (Bender and 
Beavo, 2006). 
 
Blumenthal (2012) reported on the discovery of cAMP, a phosphodiesterase). A few years 
after, cAMP was discovered. 3’, 5’ phosphodiesterase was identified in measurable levels in 
almost all tissues producing 3’, 5’-AMP. Consequently Caffeine, Theophylline and 
theobromine were demonstrated to play a role of being phosphodiesterase inhibitors in cells 
(Butcher, 1962).  
 
 
2.7 Phosphodiesterase inhibitors 
 
2.7.1 Procaine and Caffeine Background 
 
2.6.1.1 Caffeine 
Caffeine (1, 3, 7 trimethylxanthine) (Figure 2.6) is a naturally occurring chemical found in 
various species of plants i.e. coffee, tea and cocoa. It is an ingredient of numerous beverages 
and medications such as cola and analgesics. It was first isolated and purified as white crystal 
from coffee beans by Runge in 1819 and synthesized by Emil Fischer in 1895 (Walvogel, 
2003). 
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Figure 2.6 Molecular structure of caffeine (www.drugbank.ca)  
 
2.6.2 General physiological effects/function of caffeine 
Caffeine is known for its behavioural effects such as energy stimulant, alertness, decreased 
sleepiness and fatigue (Van Dongen, 2001; Smith, 2002). Effects of caffeine are clearer when 
alertness is reduced, although there is also evidence in unimpaired subjects. Apart from 
beneficial effects, it may cause disorders such as anxiety, jitteriness, and gastro-intestinal 
disturbance tremors (Smith, 2002; Levouni and Herron, 2014). Severe conditions such as 
tachycardia and psychomotor agitation may result from higher dosage. In addictive cases, 
discontinuation of caffeine may result in withdrawal symptoms such as negative mood, 
headache and stress (Smith, 2002). 
2.6.3 Caffeine mechanism of action 
Caffeine and adenosine have similar structures hence caffeine binds on adenosine receptors. 
Its antagonistic effect on adenosine receptors stimulates physiological activity. Caffeine’s 
stimulatory effect in various cells including sperm was demonstrated in several studies to be 
via the increase of cAMP levels resulting from its phosphodiesterase inhibition properties 
(Garber et al., 1971). In addition, Hong et al. (1985) demonstrated that at higher 
concentrations caffeine is involved in the release of internal calcium from calcium stores. 
Bavister et al. (1984) also reported on the importance of both pathways (high levels of cAMP 
and release of internal calcium stores) by demonstrating the success of in vitro fertilization 
and conception in rhesus monkeys whose sperm were treated with caffeine and cAMP. In 
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contrast, Marquez and Suarez (2004) reported that the observation of stimulated 
hyperactivation in bovine sperm was independent of the cAMP pathway, however, it did 
require extracellular calcium. This observation may be attributed to species differences which 
are evident in various signalling pathways. 
The effect of caffeine in sperm via both beverage consumption and in vitro treatment has 
been evaluated in various studies. Henkel and Schill (2003) reported that caffeine intake by 
men during the week of in vitro fertilization or gamete intra-fallopian transfer procedures was 
correlated with multiple gestation outcome although evident effects on sperm quality 
(motility, morphology and sperm count) was not observed. On the contrary, Choi et al. 
(2011) reported that lower although not statistically different live births from in vitro 
procedure were observed in patients who consume caffeine compared to non-consumers. 
Moreover, Harrison et al. (1980) not only observed positive stimulatory effects by caffeine 
but also detrimental outcomes, including sperm morphological impairment. This negative 
effect was linked to incubation time (longer time results in damage, shorter time does not 
exhibit negative effects).  In in vitro studies when Mbizvo et al. (1993) used caffeine as one 
of the stimulants to induce hyperactivation in cryopreserved human spermatozoa, percentage 
hyperactivation increased 3 fold (11.9-32.5%) above that seen compared in control. 
Consistent with Mbivzo et al. (1993), Marquez and Suarez (2004) observed the treatment of 
bovine sperm with caffeine to exhibit 100% hyperactivation. This suggests caffeine to result 
in improved fertility as sperm hyperactivation is essential for fertilization success.  
 
2.6.4 Procaine 
Procaine is a product of the combination of two water soluble vitamin B vitamins, para-
amino benzoic acid and diethylaminoethanol, and was first synthesized by Dr Alfred Einhorn 
in 1905(Figure 2.7) (Ritchie et al., 1990). It belongs to benzoic acid esters. 
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Figure 2.7 Molecular structure of procaine (www.drugbank.ca) 
 
2.6.5 General effects/ function of procaine 
 
Procaine was initially used as regional nerve block anesthesia after it replaced cocaine as the 
standard drug. Procaine inhibits the conduction in nervous fibers, and is commonly used by 
dentists and surgeons as a pain killer and for spinal anesthesia respectively. It is also plays a 
role in various other anesthesias: infiltration anesthesia, block anesthesia, lumbar anesthesia 
and epidural anesthesia (www.drugbank.ca). 
 
2.6.6 The role of procaine in sperm and its mechanism of action 
 
Procaine stimulates hyperactivation in mammalian spermatozoa. Stallion sperm incubated in 
procaine portrayed the following parameters indicative of hyperactivation: decreased 
linearity, straightness and straight line velocity (McParklin et al., 2009; Orgies, 2010). 
Moreover, capacitated and hyperactivated sperm penetrated the oocyte as opposed to only 
capacitated sperm which failed to do so, again indicating the importance of hyperactivation 
for fertilization to take place (McParklin et al., 2009). It is assumed that the role of procaine 
is to increase the plasma membrane’s permeability to calcium. As confirmation of the 
involvement of ATP and cAMP in hyperactivation, intracellular ATP and cAMP increased in 
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the presence of procaine in stallion sperm (Ortgies et al., 2010). On the contrary, when 
bovine sperm was incubated in procaine and caffeine, it exhibited 100% hyperactivation of 
motile sperm in the presence of cAMP/PKA and protein tyrosine phosphorylation inhibitors. 
The results suggested that bovine sperm hyperactivation only requires extracellular calcium 
(Marquez and Suarez, 2004). 
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Chapter 3: Materials and methods 
3.1 Introduction 
This chapter gives an overview of all materials and methods that were used in this study. This 
will be followed by a detailed protocol that was employed during the study. Figure 3.1 shows 
an outline of the experimental procedures of the study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CASA analysis at 15, 30, 60, 90, 120 min. 
Sperm subpopulations exposed to Non-Capacitating 
medium, Capacitating medium, Caffeine or Procaine 
Top 
subpopulation 
Middle 
subpopulation 
Bottom 
subpopulation 
Semen sample 
Macroscopic and 
Microscopic analysis 
PureSperm centrifugation 
technique 
Flush technique + exposure to 
Non-Capacitating medium, 
Capacitating medium, Caffeine 
or Procaine 
CASA analysis at 0, 5, 
15, 30, 45 and 60 
minutes. 
Figure 3.1.  A flow diagram to demonstrate a simplified experimental procedure of the study 
undertaken. 
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3.2 Ethical Approval 
Semen samples were collected from healthy male donors at the University of Stellenbosch, 
Bellville, Cape Town.  All procedures were in accordance with ethical guidelines of the 
University of the Western Cape and the research unit where semen was collected (Division of 
Medical Physiology, Department of Biomedical Sciences, Stellenbosch University). A 
consent form was signed by each donor prior to participation in the study.  
 
3.3 Reagents 
 PureSperm density gradient (Nidacon, Sweden) was prepared according to the 
manufacturer’s instructions to separate sperm into three subpopulations. Procaine and 
caffeine used for the induction of hyperactivation were dissolved in Human Tubular Fluid 
(HTF) to final concentrations of 2 mM and 5mM respectively. 
 
3.4 Media used for donor samples 
Human tubular fluid prepared as capacitating and non-capacitating media were used as 
positive and negative controls respectively. The capacitating medium constituted of 1.4845 g 
NaCl, 0.0875 g KCl, 0.024 g MgSO4, 0.0125 g KH2PO4, 0.525 g NaHC03, 0.009 g Na 
pyruvate, 0.12525 g Glucose, 0.0075 g Phenol red, 0.784 g  Na lactate and 1%  Bovine 
Serum Albumin (BSA)  with an addition of 0.105 g NaHCO3, 1.1915 g HEPES and 0.6 ml 
NaOH in the non-capacitating medium . All chemicals were purchased from Sigma-Aldrich, 
Cape Town, South Africa and only analytical grade or molecular grade chemicals were used. 
 
3.5 Analysis of semen samples 
 
Human semen samples were collected by masturbation and ejaculation into a wide open 
container after two to three days of sexual abstinence. The samples were kept at 37ºC for 30-
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60 minutes to liquefy before analysis commenced. Standard semen parameters according to 
WHO criteria were analysed to assess the quality of the samples (WHO, 2010). Macroscopic 
analysis included assessment of semen volume, pH, colour and odour, while microscopic 
analysis involved measurement of sperm concentration and percentage total motility.   
 
Microscopic analysis was performed using the Sperm Class Analyzer (SCA) (Microptic S.L., 
Barcelona, Spain) CASA system. Sperm motility and concentration assessment involved 
pipetting 3 μl semen into a 20 μm-depth, four chamber Leja slide (Leja Products B.V., Nieuw 
Vennep, The Netherlands) and viewing with a Basler A312fc digital camera (Microptic S.L., 
Barcelona, Spain) that was mounted onto a Nikon E50i microscope (IMP, Cape Town, South 
Africa) containing a pre-warmed stage. The study design required both low and high motile 
samples thus both were used.  Samples with sperm concentration of ≤ 20 x 106/ml were 
excluded from the study as all three subpopulations could not be obtained after sperm 
separation or the numbers of cells were insufficient to obtain comparable data. 
 
3.6 Separation of sperm using PureSperm gradient centrifugation 
 
The following PureSperm densities were layered in a 2 ml Eppendorf tube, using a pipette 
with a sterile tip from bottom to top: 300μl PureSperm 80, 300µl PureSperm 60, 300ul 
PureSperm 40 and 300 μl semen. This preparation was centrifuged at 300 g for 20 minutes. 
The seminal plasma (layer on top) and debris were discarded using a pipettee. The remaining 
suspension containing spermatozoa was separated into three fractions/subpopulations into 
individual Eppendorf tubes as indicated in Figure 3.2. The three subpopulations were washed 
by adding 250 μl HTF (Non-Capacitating medium) to each tube followed by centrifugation at 
400 g for 10 minutes. The supernatant was discarded and 60 μl of HTF was added to dilute 
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each sperm subpopulation and thereafter HTF volume was adjusted to have a final sperm 
concentration of 15-25x10
6
/ml in each tube. 
 
Figure 3.2. A schematic presentation of a semen sample after PureSperm density gradient 
separation technique divided into a pellet (bottom subpopulation), a middle subpopulation, 
concentrated spermatozoa, a top subpopulation and seminal plasma and debris. 
 
3.7 CASA analysis of sperm subpopulations 
After the PureSperm density gradient procedure, 3μl of each subpopulation was pipetted into 
a Leja slide, warmed on the microscope stage for 20 seconds. The following motility 
parameters were analysed by CASA: percentages of total sperm motility, hyperactivation, 
rapid, medium and slow swimming sperm as well as Curvilinear velocity (VCL), Straight-
line velocity (VSL), Average path velocity (VAP), Straightness (STR), Linearity (LIN), 
Wobble (WOB), Amplitude of lateral head displacement (ALH) and Beat cross frequency 
(BCF) at 50 Hz frequency. Percentage hyperactivation measurements were based on the 
following cut off values VCL > 150 µm/s, LIN < 50% and ALH > 3.5 µm (Mortimer and 
Mortimer, 2013). ALH was measured as half the width of the VCL track and not as the full 
VCL wave or doubling of riser values (risers method) as described by Mortimer (1994, 
1997). 
Seminal plasma and debris 
Top subpopulation (Fraction 3) 
Concentrated spermatozoa 
Middle subpopulation (Fraction 2) 
Pellet (bottom subpopulation) (Fraction 1) 
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3.8 Exposure of sperm to calcium modulators 
Concentrations of 5mM caffeine and 2mM procaine  were selected for the induction of 
hyperactivation. The effect of 5mM caffeine was tested against 2mM and 10mM and deemed 
suitable as it induced hyperactivation in more cells than 2mM caffeine did (see Chapter 4, 
section 4.2) . Moreover it is low in concentration compared to 10mM thus presumed to have a 
low chance of causing detrimental effects on spermatozoa.  The selection of the procaine 
concentration was based on results of preliminary studies.  The effect of 2mM procaine was 
determined against 5mM which immobilized spermatozoa after 15 minutes (see Chapter 4, 
section 4.4). 
3.8.1 Incubation of the three subpopulations 
A volume of 40µl of non-capacitating HTF with 1 % BSA containing procaine or caffeine, 
non-capacitating HTF and capacitating HTF were placed in four separate Eppendorf tubes. In 
addition to the media, 20µl of each subpopulation (see section 3.6) was added to each tube 
and mixed gently using a 20µl pipette. The sperm populations in procaine, caffeine and HTF 
were then incubated and sampled at for analysis 15, 30, 60, 90 and 120 minutes.  
At each time interval, 3µl of each sperm preparation was placed on a Leja slide and analysed 
using the SCA CASA system, as described previously in section 3.5. Hyperactivation was 
identified by an increase or decrease of the following parameters: VCL > 150 µm/s, LIN < 
50% and ALH > 3.5 µm and expressed as a percentage of motile sperm. Percentage 
hyperactivation of each subpopulation was assessed to identify any differences in the three 
subpopulations. 
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3.8.2.   Incubation of the bottom subpopulation 
Analysis of percentage hyperactivation in the three fractions revealed that the middle and top 
subpopulation had low or no hyperactivation. The bottom subpopulation thus was the most 
effective subpopulation to compare the effect of caffeine and procaine on human sperm 
motility and hyperactivation. 
After the first separation step of the PureSperm density gradient technique (described in 
section 3.6), the seminal plasma and debris, middle and top subpopulations were discarded, 
leaving behind the bottom subpopulation which was washed with non-capacitating medium 
by centrifugation at 400g for 10 minutes. Thereafter it was exposed to 5 mM caffeine, 2 mM 
procaine, non-capacitating and capacitating media respectively, while being incubated at 
37ºC and then sampled for analysis at 15, 30, 60, 90 and 120 minutes.  
3.8.3 Flush technique 
 The flush technique involves the exposure of semen to chemicals or media, immediate and 
over time using a Leja slide while being kept/incubated on a pre-warmed microscope stage. 
Prof G van der Horst introduced this technique in sperm from broadcast spawners by flushing 
with fresh and marine water to activate motility and also during African elephant (Loxodonta 
africana) sperm experimentation (van der Horst et al., 2010).  
The flush technique involves displacement of semen from the entrance of the Leja chamber 
towards the furthest end of the chamber by the particular medium tested (see Fig. 3.3a and b). 
Virtually no mixing occurs initially and sperm from the semen will swim in all directions but 
also towards the medium and some sperm may actually reach the area where the semen and 
subsequently the medium were initially introduced (Fig 3.3c). Sperm would accordingly 
come in contact with almost pure medium only. Sperm motility is analyzed only of sperm in 
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this ―compartment‖ and visually this area is easy to establish on the basis that no semen 
debris or any seminal particles are present except for spermatozoa (100% clear background 
optically). The technique can almost be considered as a rapid swim-up or swim-out 
technique. A further advantage of the technique is that it simulates the natural situation of 
sperm release better than mixing with a medium. In the flush situation, sperm would 
gradually swim from the seminal plasma towards the medium or the analogous situation ―the 
female reproductive fluids‖ in a manner of not shocking the sperm but through gradual 
gradation from semen to the environment outside the semen itself. Finally, it may in future be 
a useful technique to use as a hyperactivation test since it is a simple and rapid technique. 
 
A four chamber Leja slide with 3 µl chamber volume was warmed on a stage. One microlitre 
of the semen sample was injected into the four chambers (Fig.3.3a) followed by  flushing the 
semen into the slide by using either 2µl non-capacitating medium, capacitating medium, or 
media containing 5mM caffeine or 2mM procaine (Fig. 3.3b). Motility analysis by SCA (as 
described in section 3.5) was done at 0, 5, 15, 30, 45 and 60 minutes while keeping the slide 
warm on the microscopic stage. 
    
 
Figure 3.3 Diagrammatic representation of the flush technique. (a) 1µl of semen injected into 
a Leja slide chamber; (b) Media e.g. non-capacitating medium, capacitating medium, 
caffeine and procaine injected into the Leja chamber, displacing the semen to the top of the 
slide; (c) Over time motile sperm moves down towards the middle of the chamber, leaving 
debris and other cells at the top edge. 
a b C 
Leja slide chamber 
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3.8.4 Statistical analysis 
The STATISTICA data analysis software system, version 12 (StatSoft Inc.) was used to 
analyse all data. Mixed model repeated measures ANOVA was used with fractions (where 
applicable), treatment and time as fixed factors, and the samples as random factors.  Fisher 
LSD was used for post hoc testing.  
Reports were based on third order effects (interactions among fractions, treatment and time). 
If there were no third order effects, reports were based on interactions between fixed factors 
(fractions and treatment, fractions and time or treatment and time). If none of the fixed 
factors (fractions, treatment or time) were included in interactions, only the main effects were 
both reported.  
Data in tables is presented as Mean ± Standard error of mean (SEM) and P<0.05 was the 
significant level considered. 
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Chapter 4: Results 
The three subpopulations of sperm separated (bottom, middle and top subpopulations) were 
given alternative names during the statistical analyses which will be used in the following 
sections, namely fraction 1 (bottom subpopulation = good initial motility), fraction 2 (middle 
subpopulation = intermediate initial motility) and fraction 3 (top subpopulation = poor initial 
motility). 
 
4.1 Standard semen parameters for samples used 
Standard semen parameters (sperm concentration, pH, total motility and volume) are 
displayed in Table 4.1. The mean of all the semen parameters were above minimum reference 
values according to the WHO (WHO, 2010). 
Table 4.1. Summary statistics of standard semen parameters assessed 
 
Conc 
(x10
6
/ml) 
pH TM (%) Vol (ml) 
N 60 58 60 60 
Mean 52.6 7.48 61.95 3.31 
SD 21.59 0.27 17.77 1.40 
SEM 2.79 0.035 2.29 0.18 
Med 51.15 7.49 62.2 3 
Min 18.7 6.12 23.5 0.9 
Max 122.2 7.94 93.2 8.3 
N = sample number, SD = standard deviation, SEM = standard error of mean, Med = median, Min = minimum, 
Max = maximum, Conc = Concentration (x10
6
/ml), TM = Percentage total motility, Vol = Volume (ml). 
  
 
4.2 The effect of caffeine concentrations 2mM, 5mM and 10mM on human  sperm 
subpopulations over time 
The mean percentage hyperactivation and swimming speed classes (rapid, medium, slow) for 
the three fixed factors (fractions, treatment, time) are displayed in Table 4.2. The mean 
kinematic parameters for fixed factors are displayed in Table 4.3. All interactions between
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Table 4.2 The mean percentage hyperactivation and swimming speed classes (rapid, medium, slow) as a result of the effect of caffeine 
concentrations 2mM, 5mM and 10mM on human  sperm subpopulations over time (n=10). 
Factors 
Hyp Hyp 
Rapid 
Rapid Med Med Slow Slow 
  
Mean Std.Err 
Mean 
Std.Err Mean Std.Err Mean Std.Err 
Bottom 16.83a 0.91 60.25a 1.38 21.09b 0.71 18.64c 0.85 
Middle 9.05b 0.62 39.75b 1.34 28.66a 0.61 31.57b 1.03 
Top 7.08b 0.56 34.05c 1.21 29.22a 0.69 36.72a 1.12 
     
  
 
  
 
     
  
 
  
 
Capacitating 7.59c 0.81 36.57b 1.87 29.47a 0.84 33.96a 1.44 
Caffeine 2mM 8.92c 0.76 41.29b 1.70 27.12ab 0.85 31.58ab 1.34 
Caffeine 5mM 12.02b 0.85 48.12a 1.62 24.54b 0.77 27.33cb 1.26 
Caffeine 10mM 15.15b 0.98 52.02a 1.67 24.46b 0.81 23.52c 1.11 
     
  
 
  
 
     
  
 
  
 
15 minutes 7.70b 0.66 39.97c 1.84 27.55a 0.76 32.48a 1.49 
30 minutes 10.41a 0.91 43.21cb 1.98 26.09a 0.85 30.71ab 1.50 
60 minutes 11.03a 1.03 45.72ab 1.98 26.54a 0.96 27.73cb 1.43 
90 minutes 12.60a 1.10 46.15ab 1.97 26.87a 1.01 26.98c 1.41 
120 minutes 13.30a 1.15 48.35a 2.14 24.51a 1.06 27.13cb 1.55 
Hyp = hyperactivation (%), Rapid = rapid swimming sperm (%), Med = medium swimming sperm (%), Slow = slow swimming sperm (%). Different letters denote 
significant difference (P<0.05). 
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Table 4.3 The mean kinematic parameters as a result of the effect of caffeine concentrations 2mM, 5mM and 10mM on human sperm 
subpopulations over time (n=10). 
 
Factors 
VCL VCL VSL VSL VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
 
Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
Bottom 107.64a 1.57 42.55a 0.67 61.66a 0.75 2.70a 0.04 40.20a 0.51 68.72a 0.62 57.72a 0.29 18.36a 0.13 
Middle 88.07b 1.30 33.28b 0.53 51.58b 0.59 2.32b 0.04 38.42a 0.58 64.38b 0.65 59.25a 0.40 16.90b 0.20 
Top 81.93b 1.17 30.55b 0.59 47.98b 0.60 2.09c 0.04 37.68a 0.66 63.17b 0.72 59.10a 0.45 15.43c 0.27 
 
  
   
  
   
  
       
 
  
   
  
   
  
       
Capacitating 85.7b 1.89 34.94a 0.99 51.64b 1.02 2.27b 0.06 40.87a 0.77 66.06a 0.86 60.71a 0.48 16.60a 0.32 
Caffeine 
2mM 
88.92b 1.71 36.12a 0.84 52.87ab 0.90 2.3b 0.05 40.69a 0.60 67.58a 0.67 59.96a 0.43 16.96a 0.27 
Caffeine 
5mM 
94.97a 1.72 36.24a 0.73 54.89a 0.84 2.45a 0.05 38.55a 0.58 65.79ab 0.71 58.33b 0.38 17.28a 0.22 
Caffeine 
10mM 
99.9a 1.71 34.33a 0.69 55.26a 0.79 2.45a 0.05 34.99b 0.67 62.20b 0.88 55.86c 0.41 16.69a 0.23 
 
  
   
  
   
  
       
 
  
   
  
   
  
       
15 minutes 87.06c 1.69 33.82c 0.81 51.43c 0.86 2.25c 0.05 39.23a 0.75 65.35ab 0.88 59.62a 0.47 16.84a 0.29 
30 minutes 90.57cb 1.91 34.39cb 0.82 52.69cb 0.93 2.30cb 0.05 38.44a 0.70 64.99ab 0.87 58.80ab 0.45 17.08a 0.27 
60 minutes 94.01ab 2.04 35.66ac 0.90 54.34ab 0.98 2.39ab 0.06 38.74a 0.83 64.80b 0.94 58.42ab 0.51 16.98a 0.27 
90 minutes 94.52a 2.10 35.97ab 0.95 54.5ab 1.06 2.41ab 0.06 38.23a 0.67 65.42ab 0.82 58.18b 0.48 16.63a 0.33 
120 minutes 96.56a 2.31 37.47a 1.07 55.72a 1.14 2.52a 0.07 39.19a 0.89 66.59a 0.95 58.43ab 0.63 16.92a 0.31 
VCL= Curvilinear Velocity (µm/s), VSL= Straight-line Velocity (µm/s), VAP = Average Path Velocity (µm/s), ALH = Amplitude of Lateral Head displacement (µm), LIN = 
Linearity (%), STR = Straightness (%), WOB = Wobble (%), BCF = Beat cross frequency (Hz). Different letters denote significant difference (P<0.05). 
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 fixed factors for motility and kinematic data are displayed in Table 1 Appendix and only 
significant different interactions are described in more detail below. 
No third order interactions were found in any of the parameters. The most common 
interaction found was between treatment and time. However for many parameters, no 
interactions were found. 
4.2.1 Percentage hyperactivation and Amplitude of Lateral Head displacement (ALH) 
The induction of hyperactivation by three caffeine concentrations compared to control is 
displayed in Table 4.1. Sperm fractions’ percentage hyperactivation and ALH treated with 
caffeine concentration showed significant differences among treatments (P<0.05). Figures 4.1 
and 4.2 illustrate the following results. Percentage hyperactivation and ALH had no 
significant difference between capacitating and 2mM caffeine. Furthermore both capacitating 
medium and 2mM caffeine had significantly lower percentage hyperactivation and ALH than 
5mM caffeine. Percentage hyperactivation in 5mM caffeine was significantly lower than in 
10mM caffeine. However, ALH showed no significant difference between 5mM and 10mM 
caffeine. Percentage hyperactivation and ALH significantly increased between 15 and 30 
minutes (Figure 4.4) as well as between 30 and 60 minutes (Figure 4.3) respectively. No 
other significant differences were observed. 
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1 = capacitating medium 
2 = 2mM caffeine 
3 = 5mM caffeine 
4 = 10mM caffeine 
Figure 4.1 Mean percentage hyperactivation (HYP) of all three fractions  induced by 
capacitating medium, 2mM caffeine, 5mM caffeine and 10mM caffeine. Different letters 
denote significant difference (P<0.05). 
Figure 4.2 Mean ALH (µm) of all three fractions as a result of induction by capacitating 
medium, 2mM caffeine, 5mM caffeine and 10mM caffeine. Different letters denote significant 
difference (P = 0.01579). 
1 = capacitating medium 
2 = 2mM caffeine 
3 = 5mM caffeine 
4 = 10mM caffeine 
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1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Figure 4.4 Percentage hyperactivation (Hyp) of all three fractions as a result of induction by 
caffeine concentrations and capacitating medium over time (Fixed factor). Different letters 
denote significant difference (P<0.05). 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Figure 4.3 Mean ALH (µm) of all three fractions  as induced by caffeine 
concentrations over time. Different letters denote significant difference (P<0.05). 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
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4.2.2 Rapid and slow swimming sperm 
Interactions between caffeine concentrations and fractions were observed for rapid and slow 
swimming speed classes (Table 1 in Appendix).                                
In fraction 1, both the percentage rapid and slow moving sperm remained within the same 
range for all caffeine concentrations with no significant differences (Figures 4.5 and 4.6).  In 
fraction 2, rapid swimming sperm in both capacitating medium and 2mM caffeine were 
significantly lower than that in 5mM and 10mM caffeine. Conversely, slow swimming sperm 
in capacitating medium and 2mM caffeine were significantly higher than slow moving sperm 
in both 5mM and 10mM caffeine. Furthermore, capacitating medium and 2mM caffeine as 
well as 5mM caffeine and 10mM caffeine were not significantly different to each other for 
both percentage rapid and slow swimming sperm. 
In fraction 3 percentage rapid swimming sperm was significantly lower in capacitating 
medium than that in 2mM caffeine. Furthermore, percentage rapid swimming sperm in 2mM 
caffeine was significantly lower than rapid swimming sperm in both 5mM and 10mM 
caffeine (Figure 4.5). On the contrary, slow swimming sperm were significantly higher 
(31.58±1.34 -33.96±1.44%) in capacitating medium and 2mM caffeine than that in 5mM and 
10mM caffeine (27.33 ±1.26-23.33 ±1.11 %) (Figure 4.6). 
When comparing percentage rapid and slow swimming sperm over time, a significant 
increase was observed between 15 and 60 minutes for rapid swimming sperm. Thereafter, 
there was no significant difference until 120 minutes. The opposite was found for percentage 
slow swimming sperm (Figures 4.7 and 4.8). 
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Figure 4.5 Mean percentage of rapid swimming sperm (Rapid) in fractions, 1, 2 and 3 as induced 
by capacitating medium, 2mM caffeine, 5mM caffeine and 10mM caffeine. Different letters 
denote significant difference (P<0.05). 
1 = capacitating medium 
2 = 2mM caffeine 
3 = 5mM caffeine 
4 = 10mM caffeine 
Figure 4.6 Mean percentage slow swimming sperm (Slow) in fractions, 1, 2 and 3 as induced
by capacitating medium, 2mM caffeine, 5mM caffeine and 10mM caffeine. Different letters 
denote significant difference (P<0.05). 
 
1 = capacitating medium 
2 = 2mM caffeine 
3 = 5mM caffeine 
4 = 10mM caffeine 
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1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Figure 4.7 Mean percentage rapid swimming sperm (Rapid) of all three fractions as 
induced by caffeine concentrations over time. Different letters denote significant 
difference (P<0.05). 
Figure 4.8 Mean percentage slow swimming sperm (Slow) of all three fractions as induced 
by caffeine concentrations over time. Different letters denote significant difference 
(P=0.01). 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
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4.2.3 Medium swimming sperm 
The effect of different caffeine concentrations on percentage medium swimming sperm is 
depicted in Table 3.2. There was no significant difference between capacitating medium and 
2mM caffeine. Furthermore, Figure 4.9 depicts a significant decrease of percentage medium 
swimming sperm between capacitating medium and both 5mM and 10mM caffeine. 
No difference was found in the percentage medium swimming sperm from 15 to 120 minutes.  
 
 
 
 
4.2.4 Curvilinear Velocity (VCL) and Average Path Velocity (VAP) 
An interaction between fractions and treatment in VCL and VAP was observed (P = 0.01187) 
(Table 3.3). Figure 4.10 and 4.11 display the following results. In fraction 1, both VCL and 
VAP were not significantly different among the control and all caffeine concentrations. In 
Figure 4.9 Mean percentage medium swimming sperm (Med) of all three 
fractions  as induced by capacitating medium, 2mM caffeine, 5mM caffeine and 
10mM caffeine. Different letters denote significant difference (P=0.01). 
1 = capacitating medium 
2 = 2mM caffeine 
3 = 5mM caffeine 
4 = 10mM caffeine 
 
 
 
 
64 
 
fraction 2, sperm in capacitating medium and 2mM caffeine had significantly lower VCL and 
VAP compared to that in 10mM caffeine. Furthermore, sperm in 2mM caffeine had 
significantly lower VCL than sperm in 5mM caffeine. In fraction 3, VCL and VAP were 
significantly lower in sperm treated with capacitating medium compared to sperm treated 
with 10mM caffeine. In terms of the different time points at which sperm was assessed, VCL 
and VAP increased over time significantly (Table 3.3). VCL and VAP significantly increased 
from 15 to 60 minutes. Thereafter there was no significant difference until 120 minutes 
(Figure 4.12 and 13). 
 
 
Figure 4.10 Mean VCL (µm/s) in fractions, 1, 2 and 3 as induced by capacitating medium, 
2mM caffeine, 5mM caffeine and 10mM caffeine. Different letters denote significant 
difference (P<0.05). 
1 = capacitating medium 
2 = 2mM caffeine 
3 = 5mM caffeine 
4 = 10mM caffeine 
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Figure 4.11 Mean VAP (µm/s) in fractions, 1, 2 and 3 as induced by capacitating medium, 
2mM caffeine, 5mM caffeine and 10mM caffeine. Different letters denote significant 
difference (P<0.05). 
1 = Capacitating medium 
2 = 2mM caffeine 
3 = 5mM caffeine 
4 = 10mM caffeine 
Figure 4.12 Mean VCL (µm/s) of all three fractions as induced by caffeine concentrations 
over time. Different letters denote significant difference (P<0.05). 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
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4.2.5 Straight-line Velocity (VSL) 
 Although the three concentrations of caffeine did not result in a significantly different VSL, 
an effect was observed over time (Table 3.3). A significant increase of VSL between 15 and 
90 minutes was observed and thereafter it remained constant until 120 minutes (Figure 4.14). 
Figure 4.13 Mean VAP (µm/s) of all three fractions as induced by caffeine concentrations 
over time. Different letters denote significant difference (P<0.05). 
 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
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4.2.6 Linearity (LIN) and Straightness (STR) 
The effect of caffeine concentrations on LIN and STR is illustrated in Figures 4.15 and 4.16. 
These two kinematic parameters revealed no difference among capacitating medium, 2mM 
and 5mM caffeine, but were both significantly lower in 10mM caffeine. Furthermore, sperm 
in 5mM caffeine did not have significantly different STR to sperm in 10mM caffeine.  
 
Figure 4.14 Mean VSL (µm/s) of all three fractions as induced by caffeine concentrations 
over time. Different letters denote significant difference (P<0.05). 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
 
1 = Capacitating 
medium 
2 = 2mM caffeine 
3 = 5mM caffeine 
4 = 10mM caffeine 
Figure 4.15 Mean percentage linearity (LIN) of all three fractions as induced by 
capacitating medium, 2mM caffeine, 5mM caffeine and 10mM caffeine. Different 
letters denote significant difference (P<0.05). 
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4.2.7 Wobble (WOB) 
Interactions between treatment and time were observed for WOB (P = 0.02766) (Table 1 in 
Appendix). Figure 4.17 illustrates the following results. In capacitating medium, a significant 
increase of WOB between 90 and 120 minutes was observed. Sperm in 2mM caffeine had 
significantly lower WOB between 60 and 90 minutes. Sperm in 5mM caffeine had no 
significant difference of WOB over time. Sperm in 10mM caffeine had significant decrease 
of WOB between 15 and 60 minutes.  
WOB in 2mM caffeine was not significantly different to that in capacitating medium except 
at 120 minutes. Capacitating medium had significantly higher WOB than in 5mM caffeine 
except at 15 and 60 minutes. 2mM caffeine was not significantly different to 5mM caffeine 
except at 60 minutes, where 2mM had significantly higher WOB. In general, 10mM caffeine 
Figure 4.16 Mean percentage straightness (STR) of all three fractions as induced 
by capacitating medium, 2mM caffeine, 5mM caffeine and 10mM caffeine. 
Different letters denote significant difference (P<0.05). 
1 = Capacitating medium 
2 = 2mM caffeine 
3 = 5mM caffeine 
4 = 10mM caffeine 
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had significantly lower WOB than all other three treatments. However it was not significantly 
different to 5mM caffeine at 15 and 120 minutes.  
 
 
 
4.2.8 Beat Cross Frequency (BCF) 
BCF had no significant third order interactions, main effect interactions or main effects for 
any of the caffeine concentrations over time. 
 
4.3 The effect of caffeine on sperm fractions 
The selection of 5mM caffeine was based on results observed among caffeine concentrations. 
5mM caffeine was chosen based on its efficacy. The mean percentage hyperactivation and 
swimming speed classes (rapid, medium, slow) for the three fixed factors (fractions, 
treatment, time) are displayed in Table 4.4. The mean kinematic parameters for fixed factors 
are displayed in Table 4.5. All interactions between fixed factors (fractions and time) for
Figure 4.17 Mean percentage wobble (WOB) of all three fractions as induced by 
caffeine concentrations in fractions over time. Different letters denote significant 
difference (P<0.05). 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
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Table 4.4 The mean percentage hyperactivation and swimming speed classes (rapid, medium, slow) as a result of the effect of 5mM caffeine on 
sperm subpopulations over time (n=10). 
Factors 
Hyp Hyp Rapid Rapid Med Med Slow Slow 
Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
        
Bottom 16.23a 1.29 42.53a 1.97 26.93b 1.04 18.90c 1.19 
Middle 8.15b 0.84 37.32b 1.84 
29.27a 
0.83 33.41b 1.47 
Top 5.38b 0.53 31.07c 1.66 
29.85a 
0.95 39.08a 1.63 
         
         
Capacitating 8.55a 0.88 38.70a 1.86 
28.54a 
0.84 32.76a 1.44 
Caffeine  11.19a 0.82 46.33a 1.70 
25.32a 
0.80 28.34a 1.29 
         
         
15 minutes 6.98b 0.86 38.37c 2.59 
27.92a 
1.12 33.71a 2.05 
30 minutes 9.62a 1.26 40.07cb 2.78 
27.52a 
1.10 32.42ab 2.13 
60 minutes 9.87a 1.40 44.34ab 2.89 
25.84a 
1.35 29.82cb 2.32 
90 minutes 10.74a 1.43 43.47ab 2.82 
28.34a 
1.32 28.19c 1.97 
120 minutes 12.54a 1.69 46.98a 3.18 
24.73a 
1.66 28.29cb 2.38 
Hyp = hyperactivation (%), Rapid = rapid swimming sperm (%), Med = medium swimming sperm (%), Slow = slow swimming sperm (%). Different letters denote 
significant difference (P<0.05). 
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Table 4.5 The mean kinematic parameters as a result of the effect of 5mM caffeine on sperm subpopulations over time (n=10). 
 
Factors 
VCL VCL VSL VSL VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Bottom 22.21a 2.30 42.98a 0.98 61.83a 1.10 2.72a 0.06 41.07a 0.78 68.92a 0.89 58.25b 0.44 18.15a 0.20 
Middle 85.79b 1.78 33.324b 0.78 50.96b 0.84 2.33b 0.05 39.19a 0.80 65.01b 0.86 59.90a 0.58 17.25a 0.29 
Top 79.04b 1.57 30.69b 0.95 47.34b 0.93 2.05c 0.07 38.79a 0.91 63.89b 1.04 60.26a 0.57 15.47b 0.41 
                 
                 
Capacitating 87.26a 1.89 34.14a 0.91 51.87a 0.98 2.27a 0.06 39.69a 0.81 64.68a 0.89 60.08a 0.49 16.69a 0.28 
Caffeine  93.70a 1.76 37.07a 0.79 54.75a 0.88 2.45a 0.05 39.66a 0.53 67.15a 0.64 58.89a 0.39 17.20a 0.26 
                 
                 
15 minutes 85.25c 2.38 33.68b 1.17 50.88c 1.23 2.29a 0.07 39.78a 1.04 65.69ab 1.21 60.20a 0.65 16.96a 0.40 
30 minutes 88.22cb 2.71 34.60b 1.17 52.09cb 1.35 2.31a 0.08 39.56a 0.96 66.05ab 1.17 59.60a 0.61 17.33a 0.39 
60 minutes 92.40ab 3.00 35.58b 1.44 53.80ab 1.55 2.37a 0.09 39.26a 1.23 64.51b 1.39 58.59a 0.66 16.76a 0.41 
90 minutes 92.06ab 2.98 36.24ab 1.35 54.10ab 1.52 2.39a 0.10 39.38a 0.88 66.29ab 1.07 59.26a 0.65 16.77a 0.54 
120 minutes 95.12a 3.44 38.28a 1.66 56.05a 1.71 2.46a 0.10 40.49a 1.31 67.23a 1.34 59.78a 0.92 16.94a 0.41 
VCL= Curvilinear Velocity (µm/s), VSL= Straight-line Velocity (µm/s), VAP = Average Path Velocity (µm/s), ALH = Amplitude of Lateral Head displacement (µm), LIN = 
Linearity (%), STR = Straightness (%), WOB = Wobble (%), BCF = Beat cross frequency (Hz). Different letters denote significant difference (P<0.05). 
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 motility and kinematic data are displayed in Table 2 in Appendix and only significant 
different interactions are described in more detail below. 
No third order interactions were found in any of the parameters. The most common 
interaction found was between fraction and time. However for many parameters, no 
interactions were found. 
4.3.1 Percentage hyperactivation and Amplitude of Lateral Head displacement (ALH) 
An interaction was observed between fractions and time for ALH (P=0.04169) and 
percentage hyperactivation (P=0.01507), as depicted in Figures 4.19 and 4.20. In fraction 1, 
hyperactivation had a significant increase between 15 and 30 minutes and thereafter no 
significant difference until 120 minutes whereas ALH had no significant difference over 
time. In fraction 2, percentage hyperactivation and ALH were constant for the first three 
(hyperactivation) or four (ALH) time points. Thereafter a significant increase was observed 
from both, for hyperactivation between 90 and 120 minutes, for ALH between 60 and 90 
minutes. In fraction 3, there was no significant difference over time for both ALH and 
percentage hyperactivation. 
Comparing the three fractions for percentage hyperactivation and ALH, fraction 1 was found 
to be significantly higher than fractions 2 and 3. Fractions 2 and 3 were not significantly 
different except at 120 minutes for percentage hyperactivation and 90 and 120 minutes for 
ALH where fraction 2 was significantly higher than fraction 3. 
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Figure 4.19 Mean percentage hyperactivation (Hyp) as induced by 5mM caffeine and 
capacitating medium in fractions 1, 2 and 3. Different letters denote significant 
difference (P<0.05). 
1 = 15 time 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Figure 4.20 Mean ALH (µm) as induced by 5mM caffeine and capacitating 
medium in fractions 1, 2 and 3. Different letters denote significant difference 
(P<0.05). 
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4.3.2 Rapid and slow swimming sperm 
Rapid and slow swimming classes over time are illustrated in Figures 4.21 and 4.22.  Rapid 
swimming sperm significantly increased between 15 and 60 minutes whilst slow swimming 
sperm decreased. Thereafter there was no significant difference for both rapid and slow 
swimming sperm. 
Percentage rapid and slow swimming sperm in fractions 1, 2 and 3 are displayed in Figures 
4.23 and 4.24. Fraction 1 had a significantly higher percentage rapid swimming sperm than 
fractions 2 and 3. Fraction 2 had significantly higher rapid swimming sperm than fraction 3. 
The opposite results were found for percentage slow swimming sperm with fraction 1 having 
a significantly lower percentage slow swimming sperm than both fractions 2 and 3. 
 
 
 
 
Figure 4.21 Mean percentage rapid swimming sperm (Rapid) of all three 
fractions  (fixed factor) as induced by 5mM caffeine and capacitating 
medium. Different letters denote significant difference (P<0.05). 
1 = 15 time 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
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1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Figure 4.22 Mean percentage slow swimming sperm (Slow) (fixed factor) of 
all three fractions as induced by 5mM caffeine and capacitating medium. 
Different letters denote significant difference (P<0.05). 
Figure 4.23 Mean percentage rapid swimming sperm (Rapid) in fractions1, 2 and 3(fixed 
factor) as induced by 5mM caffeine and capacitating medium. Different letters denote 
significant difference (P<0.05). 
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4.3.3 Medium swimming sperm 
An interaction between fractions and time was observed (P = 0.01867) for percentage 
medium swimming sperm. In fractions 1 and 3 there was no significant difference over time 
(Figure 4.25). In fraction 2, the percentage medium swimming sperm remained constant until 
90 minutes, where after a significant decrease of percentage medium sperm was observed. 
There was significant difference in percentage medium swimming sperm among the three 
fractions. Fraction 1 had a significantly lower percentage medium swimming sperm than 
fractions 2 and fraction 3, which were not significantly different to one another. 
Figure 4.24 Mean percentage slow swimming sperm (Slow) in fractions1, 2 and 3 
(fixed factor) as induced by 5mM caffeine and capacitating medium. Different letters 
denote significant difference (P<0.05). 
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4.3.4 Curvilinear Velocity (VCL), Straight-line Velocity (VSL), Average Path Velocity 
(VAP) 
VCL, VSL and VAP in 5mM caffeine over time are illustrated in Figures 4.26, 4.27 and 4.28. 
In general for VCL, VSL and VAP significantly increased over time. VCL and VAP had 
significant increase between 15 and 60 minutes and VSL between 15 and 120 minutes. 
Comparing the three fractions (Figures 4.29, 4.30 and 4.31), fraction 1 had significantly 
higher VCL, VSL and VAP than fractions 2 and 3. Fractions 2 and 3 were not significantly 
different to each other for these three kinematic parameters. 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Figure 4.25 Mean percentage medium swimming sperm (Med) as induced by 5mM 
caffeine and capacitating medium in fractions 1, 2 and 3. Different letters denote 
significant difference (P<0.05). 
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1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
 
Figure 4.26 Mean VCL (µm/s) of all three fractions  as induced by 5mM caffeine 
and capacitating medium over time (Fixed factor). Different letters denote 
significant difference (P<0.05). 
Figure 4.27 Mean VSL (µm/s) of all three fractions as induced by 5mM caffeine and 
capacitating medium over time (Fixed factor). Different letters denote significant 
difference (P<0.05). 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
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1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Figure 4.28 Mean VAP (µm/s) of all three fractions as induced by 5mM caffeine 
and capacitating medium over time (Fixed factor). Different letters denote 
significant difference (P<0.05). 
 
Figure 4.29 Mean VCL (µm/s) in fractions1, 2 and 3 (fixed factor) as induced by 
5mM caffeine and capacitating medium. Different letters denote significant 
difference (P<0.05). 
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4.3.5 Straightness (STR), Wobble (WOB) and Beat Cross Frequency (BCF) 
The difference in STR, WOB and BCF among the three sperm fractions are illustrated in 
Figures 4.32, 4.33 and 4.34. STR in fraction 1 was significantly higher than that in both 
Figure 4.30 Mean VSL (µm/s) in fractions1, 2 and 3 (fixed factor) as induced by 
5mM caffeine and capacitating medium. Different letters denote significant 
difference (P<0.05). 
Figure 4.31 Mean VAP (µm/s) in fractions1, 2 and 3 (fixed factor) as induced by 
5mM caffeine and capacitating medium. Different letters denote significant 
difference (P<0.05). 
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fraction 2 and 3 which were not significantly different to each other. WOB in fraction 1 was 
significantly lower than that in fractions 2 and 3 which were not significantly different to 
each other. Lastly BCF was significantly higher in both fractions 1 and 2 than in fraction 3, 
with fractions 1 and 2 not being significantly different to each other. STR, WOB and BCF 
were not significantly different over time. 
 
 
 
Figure 4.32 Mean percentage straightness (STR) in fractions1, 2 and 3 (fixed 
factor) as induced by 5mM caffeine and capacitating medium. Different letters 
denote significant difference (P<0.05). 
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Figure 4.33Mean percentage wobble (WOB) in fractions1, 2 and 3 (fixed factor) as induced by 
5mM caffeine and capacitating medium. Different letters denote significant difference (P<0.05). 
 
Figure 4.34 Mean Beat Cross Frequency (BCF, Hz) in fractions1, 2 and 3 (fixed factor) as 
induced by 5mM caffeine and capacitating medium. Different letters denote significant 
difference (P<0.05). 
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4.3.6 Linearity (LIN) 
LIN did not show any significant difference between fractions and over time. 
 
4.4 Determination of procaine concentration 
The following tables compare the effect of 2mM and 5mM procaine on sperm motility to 
indicate why 2mM procaine was chosen for subsequent experiments.  At 15 minutes 
incubation in 5mM procaine, the percentage hyperactivation is higher than in 2mM procaine 
(See mean percentages in Table 4.6 and Table 4.7). However, after 15 minutes sperm in 5mM 
become immotile and cannot be further analysed. Sperm hyperactivation in 2mM procaine 
gradually decreased until 120 minutes (9.63±13.13-2.48±3.73%) and percentage motility 
remained within the same range over time.  
Table 4.6 .The effect of 5mM procaine on the bottom sperm subpopulation (n=13). 
Sperm motility parameters 
(5mM procaine at 15 minutes) 
 
Mean±SD 
Percentage hyperactivation 
 
31.82±25.41 
Percentage motility 
 
73.16±25.84 
Percentage rapid swimming sperm 
 
49.98±22.78 
Percentage medium swimming sperm 
 
8.58±6.57 
Percentage slow swimming sperm 
 
14.56±4.70 
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Table 4.7 .The effect of 2mM procaine on the bottom sperm subpopulation (n=15). 
Sperm motility parameters 
(2mM procaine at 15 minutes) 
 
Mean±SD 
Percentage hyperactivation 
 
9.63±13.13 
Percentage motility 
 
61.47±16.42 
Percentage rapid swimming sperm 
 
45.64±20.06 
Percentage medium swimming sperm 
 
30.29±10.14 
Percentage slow swimming sperm 
 
24.08±11.56 
 
4.5 The effect of procaine on sperm fractions 
The mean percentage hyperactivation and swimming speed classes (rapid, medium, slow) for 
the three fixed factors (fractions, treatment, time) are displayed in Table 4.8. The mean 
kinematic parameters for fixed factors are displayed in Table 4.9. All interactions between 
fixed factors for motility and kinematic data are displayed in Table 3 in Appendix and only 
significant different interactions are described in more detail below. 
Third order interactions were commonly found in the parameters. The most common 
interaction found was between fraction and time. However, for few parameters, no 
interactions were found. 
4.5.1   Percentage hyperactivation and rapid swimming sperm 
Fraction 1   
In general, percentage hyperactivation and rapid swimming sperm remained constant in 
capacitating medium and non-capacitating medium respectively. Percentage hyperactivation 
in non-capacitating medium significantly increased between 15 and 120 minutes. Rapid 
swimming sperm in capacitating medium significantly increased between 15 and 60 minutes 
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then decreased between 60 and 90 minutes. Lastly percentage hyperactivation and rapid 
swimming sperm in procaine significantly decreased between 15 and 60 as well as between 
15 and 90 minutes respectively (Figures 4.35 and 4.36).
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Table 4.8 The mean percentage hyperactivation and swimming speed classes (rapid, medium, slow) as a result of the effect of 2mM procaine on 
sperm subpopulations over time (n=15). 
Factors 
Hyp Hyp Rapid Rapid Medium Medium Slow Slow 
Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
          
        
Bottom  13.44a 0.85899 52.58a 1.68429 25.01b 0.80338 22.40c 1.16598 
Middle  4.98b 0.64291 25.91b 1.17841 32.50a 0.62393 41.23b 1.16596 
Top  3.14b 0.42611 18.77c 0.98884 30.45a 0.68795 50.78a 1.2324 
         
         Non-
Capacitating 
7.37b 0.68389 34.44b 1.61457 29.65ab 0.71357 35.91b 1.34849 
Capacitating 9.82a 0.82239 38.87a 1.72172 27.30b 0.73309 33.50b 1.34339 
Procaine 4.31c 0.62745 23.81c 1.42115 30.98a 0.75871 45.21038a 1.49141 
         
         
15 minutes 7.30a 0.82877 32.11a 2.02447 29.93a 0.85703 37.95a 1.62279 
30 minutes 6.54a 0.84252 32.04a 2.0865 29.58ab 0.88275 38.38a 1.76729 
60 minutes 7.09a 0.86886 32.68a 2.18614 29.08ab 1.00497 37.98a 1.9198 
90 minutes 7.41a 0.97479 33.56a 2.1254 27.83b 0.97452 38.61a 1.97585 
120 minutes 7.69a 1.20994 32.01a 2.2547 30.01a 1.06976 37.68a 1.99677 
Hyp = hyperactivation (%), Rapid = rapid swimming sperm (%), Med = medium swimming sperm (%), Slow = slow swimming sperm (%). Different letters denote 
significant difference (P<0.05). 
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Table 4.9 The mean kinematic parameters as a result of the effect of 2mM procaine on sperm subpopulations over time (n=15). 
 
Factors 
VCL VCL VSL VSL VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
                  
                
Bottom  100.97a 1.7811 40.20a 0.95724 60.71a 0.97311 2.65a 0.04258 39.26a 0.58601 64.53a 0.82241 60.55b 0.3018 17.24a 0.21637 
Middle  75.11b 1.11681 25.87b 0.58212 46.46b 0.62297 1.91b 0.05842 34.08b 0.54631 54.62b 0.76519 62.16a 0.3518 13.27b 0.40589 
Top  67.3c 1.09821 21.65c 0.49688 42.23c 0.62242 1.36c 0.06411 31.72b 0.51546 50.64c 0.76390 62.58a 0.37036 9.37c 0.45748 
                 
                 Non-
Capacitating 
82.84b 1.60363 31.44a 0.85271 51.50a 0.88887 2.05a 0.06046 37.22a 0.52602 59.26a 0.77343 62.77a 0.3332 14.34a 0.39194 
Capacitating 88.17a 1.84789 33.91a 0.94275 53.67a 0.96994 2.23a 0.05734 37.63a 0.55826 61.42a 0.81448 61.17b 0.34375 15.08a 0.35283 
Procaine 72.22c 1.38144 22.19b 0.63715 44.10b 0.79536 1.63b 0.0744 30.06b 0.54111 48.88b 0.80803 61.33b 0.35575 10.36b 0.48079 
                 
                 
15 minutes 81.36a 1.94535 29.61a 1.02744 49.83a 1.04265 2.05a 0.07727 35.93a 0.69675 57.94a 1.02172 61.92a 0.43723 14.30a 0.49828 
30 minutes 81.02a 2.05881 29.09a 1.09208 49.7a 1.12778 2.01ab 0.07778 35.05ab 0.66505 56.64ac 1.01248 61.91a 0.40706 13.86ab 0.52322 
60 minutes 81.09a 2.24988 29.51a 1.19321 49.67a 1.28261 1.98ab 0.08848 35.40ab 0.77314 57.19ab 1.13220 61.71a 0.45328 13.19cb 0.57291 
90 minutes 81.88a 2.26073 28.98a 1.17226 49.71a 1.25565 1.92ab 0.08771 34.33b 0.79857 55.94cb 1.18040 61.15a 0.46408 12.53cd 0.57218 
120 minutes 80.50a 2.40706 29.10a 1.28923 50.24a 1.31779 1.8a 0.09817 34.35b 0.8775 55.23c 1.33061 62.11a 0.48352 12.48d 0.62195 
VCL= Curvilinear Velocity (µm/s), VSL= Straight-line Velocity (µm/s), VAP = Average Path Velocity (µm/s), ALH = Amplitude of Lateral Head displacement (µm), LIN = 
Linearity (%), STR = Straightness (%), WOB = Wobble (%), BCF = Beat cross frequency (Hz). Different letters denote significant difference (P<0.05).
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Percentage hyperactivation and rapid swimming sperm in non-capacitating medium were 
significantly lower than in capacitating medium except at 120 minutes for percentage 
hyperactivation and 15 and 90 minutes for rapid swimming sperm. In general, percentage 
hyperactivation and rapid swimming sperm treated with non-capacitating and capacitating 
medium was significantly higher than that in procaine, except at 15 minutes (no difference 
between non-capacitating medium and procaine). 
Fraction 2  
In fraction 2, percentage hyperactivation and rapid swimming sperm in non-capacitating 
medium significantly increased between 15 and 90 minutes and between 90 and 120 minutes 
respectively. Percentage hyperactivation and rapid swimming sperm in capacitating medium 
significantly increased after 60 minutes. Moreover, percentage rapid swimming sperm 
significantly decreased between 90 and 120 minutes. In procaine, both percentage 
hyperactivation and rapid swimming sperm almost remained constant; however a significant 
increase of percentage hyperactivation was observed between 90 and 120 minutes. 
In general percentage hyperactivation and rapid swimming sperm were higher in capacitating 
medium than in non-capacitating medium and procaine although there was no significant 
difference in most time points. Moreover non-capacitating medium was higher than procaine 
although not significantly different in most time points. 
Fraction 3 
In general, percentage hyperactivation and rapid swimming sperm in non-capacitating 
medium, capacitating medium and procaine remained constant over time. Moreover, a 
significant increase of percentage hyperactivation was observed between 60 and 90 minutes 
followed by a decrease between 90 and 120 minutes. 
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In general, there was no significant difference between treatments except at 60 and 120 
minutes where the percentage rapid swimming sperm was lower in procaine. 
 
Comparing Fractions 
In fraction 1, percentage hyperactivation was higher in non-capacitating and capacitating 
medium than in fractions 2 and 3. In procaine, percentage hyperactivation was not 
significantly different between fractions 1 and 2 except at 15 minutes where percentage 
hyperactivation in fraction 1 was significantly higher. In general there was no significant 
difference in hyperactivation between non-capacitating and capacitating medium in fraction 2 
to that in fraction 3 except significantly higher percentage hyperactivation in fraction 2 at 60 
and 120 minutes. Moreover there was almost no difference of percentage hyperactivation 
between fractions 2 and 3 except at 120 minutes where percentage hyperactivation was 
higher in fraction 2. 
In fraction 1, rapid swimming sperm were higher in non-capacitating and capacitating 
medium than that in fractions 2 and 3. In fraction 2, rapid swimming sperm in non-
capacitating and capacitating medium were mostly not significantly different except at 90 
minutes where rapid swimming sperm was significantly higher in fraction 2. Lastly 
percentage rapid sperm was mostly not significantly different between fractions 2 and 3 
however was significantly lower in fraction 3 at 120 minutes. 
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Figure 4.35 Mean percentage hyperactivation (HYP) in the three fractions for 
different treatments over time. Different letters denote significant difference 
(P<0.05). 
Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
 
Treatments 
1 = non-capacitating 
medium 
2 = capacitating medium 
3 = 2mM procaine 
Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
 
Treatments 
1 = Non-capacitating 
medium 
2 = capacitating 
medium 
3 = Procaine 
 
Figure 4.36 Mean percentage rapid swimming sperm (Rapid) in the three fractions for different treatments 
over time. Different letters denote significant difference (P<0.05). 
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4.5.2 Medium swimming sperm 
An interaction between fractions and treatment was observed for percentage medium 
swimming sperm (Figure 4.37). Percentage medium swimming sperm in fraction 1 treated 
with non-capacitating medium was significantly higher than that in capacitating medium and 
significantly lower than that in procaine. Fractions 2 and 3 had no significant difference of 
percentage medium sperm among non-capacitating medium, capacitating medium and 
procaine. 
Percentage medium swimming sperm were significantly lower in fraction 1 than in fractions 
2 and 3 except in procaine treated fractions where there was no significant difference. 
Percentage medium swimming sperm remained constant over time. 
 
 
 
 
1 = Non-capacitating 
medium 
2 = Capacitating medium 
3 = Procaine 
Figure 4.37 Mean percentage medium swimming sperm (Medium) for the three fractions 
as induced by treatments. Different letters denote significant difference (P<0.05) 
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4.5.3 Slow swimming sperm 
An interaction between treatment and time was observed for percentage slow swimming 
sperm (P< 0.05) as displayed in Figure 4.38. In non-capacitating medium, percentage slow 
swimming sperm significantly decreased between 90 and 120 minutes. In capacitating 
medium, percentage slow swimming sperm had no significant difference over time. In 
procaine, percentage slow swimming sperm significantly increased between 60 and 120 
minutes.  
Percentage slow swimming sperm in procaine was significantly higher than both non-
capacitating medium and capacitating medium except at 15 minutes where there was no 
significant difference between the three. Moreover no significant difference of slow 
swimming sperm was observed between non-capacitating medium and capacitating medium.  
When comparing the three fractions (Figure 4.39.), fraction 1 had significantly lower 
percentage slow sperm compared to fraction 2 and fraction 3, which were not significantly 
different to each other. 
 
Figure 4.38 Mean percentage slow swimming sperm (Slow) in all three fractions as 
induced by treatments over time. Different letters denote significant difference 
(P<0.05) 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
 
 
 
 
93 
 
 
 
 
 
4.5.4 Curvilinear Velocity (VCL) 
Fraction 1 
 In fraction 1 treated with non-capacitating medium, no significant difference was observed 
over time. When treated with capacitating medium, a significant decrease between 60 and 90 
minutes followed by a significant increase between 90 and 120 minutes were observed. When 
treated with procaine, VCL significantly decreased between 15 and 60 minutes and further 
decreased between 60 and 120 minutes (Figure 4.40). 
VCL in non-capacitating medium was significantly lower than VCL in capacitating medium 
except at 90 minutes where there was no significant difference. VCL in procaine was 
significantly lower than VCL in both non-capacitating and capacitating medium. Moreover 
Figure 4.39 Mean percentage slow swimming sperm (Slow) for each fraction as induced 
by treatments (Fixed factor). Different letters denote significant difference (P<0.05). 
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there was no significant difference between non-capacitating medium and procaine except at 
15 minutes. 
Fraction 2 
VCL in non-capacitating medium had no significant difference over time. VCL in 
capacitating medium significantly increased between 60 and 90 minutes followed by a 
significant decrease between 90 and 120 minutes. In procaine, percentage slow sperm had no 
significant difference over time. 
In fraction 2, there was no significant difference among the three media, except at 90 minutes 
where capacitating has a significantly higher VCL and procaine a lower VCL compared to 
non-capacitating medium. The lower VCL in procaine remained until 120 minutes.  
Fraction 3 
In fraction 3, VCL in non-capacitating medium significantly increased between 90 and 120 
minutes. In capacitating medium, there was no significant difference of VCL over time. In 
procaine, a significant increase between 60 and 90 minutes followed by a significant decrease 
between 90 and 120 minutes were observed. 
There was no significant difference of VCL between treatments except at 60 and 120 minutes 
where VCL was significantly lower in procaine. 
Comparing fractions 
When comparing the three fractions at each time point, in fraction 1, VCL in non-capacitating 
medium, capacitating medium and procaine were significantly higher than in fractions 2 and 
3. There was mostly no significant difference of VCL in non-capacitating, capacitating 
medium and procaine between fractions 2 and 3. 
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4.5.5 Straight-line Velocity (VSL) and Average Path Velocity (VAP) 
Fraction 1 
VSL and VAP in non-capacitating medium remained constant over time. VSL and VAP in 
capacitating medium significantly increased between 15 and 60 minutes followed by a 
significant decrease between 60 and 90 minutes. Lastly, a significant increase between 90 and 
Figure 4.40 Mean VCL in the three fractions for different treatments over time 
(P<0.05). Different letters denote significant difference (P<0.05) 
Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
 
Treatments 
1 = Non-capacitating medium 
2 = capacitating medium 
3 = Procaine 
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120 minutes was observed. VSL and VAP significantly decreased between 15 and 60 minutes 
as well as between 15 and 90 minutes respectively (Figures 4.41 and 4.42). 
VSL and VAP were not significantly different between non-capacitating and capacitating 
medium over time. VSL and VAP in procaine were significantly lower than VSL and VAP in 
both non-capacitating and capacitating medium. 
Fraction 2 
VSL and VAP in non-capacitating medium, capacitating medium and procaine had almost 
constant values. A significant decrease was observed in VSL between 90 and 120 minutes. 
Moreover VSL in procaine significantly decreased between 60 and 90 minutes. 
There was no significant difference of VSL and VAP between non-capacitating medium and 
capacitating medium over time. VSL and VAP in procaine were significantly lower than that 
in non-capacitating and capacitating medium except at 15 and 60 minutes for VSL, where 
there was no significant difference between procaine and non-capacitating medium. 
Moreover for VAP, there was no significant difference at 90 and 120 minutes where VAP in 
procaine was significantly lower. 
Fraction 3 
In general VSL and VAP in non-capacitating and capacitating medium remained constant 
over time. VSL and VAP in procaine were constant from 15 to 60 minutes as well as from 15 
to 30 minutes respectively. A significant increase between 60 and 90 minutes followed by a 
decrease after 90 minutes was observed. 
There was no significant difference of VSL and VAP between non-capacitating, capacitating 
medium and procaine except at 60 and 120 minutes where VSL and VAP were significantly 
lower in procaine. 
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Comparing fractions 
VSL and VAP in non-capacitating and capacitating medium of fraction 1 were significantly 
higher than in fractions 2 and 3. In fraction 1, VSL in procaine was significantly higher than 
that in fractions 2 and 3. VSL and VAP in non-capacitating medium of fraction 3 except at 
120 minutes where there was no significant difference. VSL and VAP in capacitating 
medium showed no significant difference between fractions 2 and 3 except at 30 and 60 
minutes where VSL and VAP were lower in fraction 3. In procaine, VSL and VAP in fraction 
2 were mostly not significantly different over time. 
 
 
Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
 
Treatments 
1 = Non-
capacitating 
medium 
2 = capacitating 
medium 
3 = Procaine 
 
Figure 4.41 Mean VSL in the three fractions for different treatments 
over time. Different letters denote significant difference (P<0.05) 
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4.5.6 Amplitude of Lateral Head displacement (ALH) 
There was an interaction between treatment and time for ALH (Figure 4.43). In both non-
capacitating and capacitating medium there was no significant difference over time. 
However, in procaine, a significant decrease in ALH between 15 and 60 minutes, followed by 
a further decrease between 60 and 120 minutes were observed. 
Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
 
Treatments 
1 = Non-capacitating 
medium 
2 = capacitating 
medium 
3 = Procaine 
 
Figure 4.42  Mean VAP in the three fractions for different treatments over time . 
Different letters denote significant difference (P=0.01)  
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There was no significant difference between ALH for non-capacitating and capacitating 
medium for all time points measured. In general, procaine resulted in lower ALH compared 
to both non-capacitating and capacitating media, except at 15 minutes where ALH for 
procaine and non-capacitating media was within the same range.  
There was significant difference among the three fractions for ALH, with fraction 1 having 
the highest ALH (Figure 4.44). 
 
 
 
Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
 
Treatments 
1 = Non-capacitating 
medium 
2 = capacitating 
medium 
3 = Procaine 
 
Figure 4.43 Mean ALH as induced by treatements over time 
(Interactions) in all three fractions. Different letters denote 
significant difference (P<0.05) 
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4.5.7 Percentage Linearity (LIN) and Straightness (STR) 
Fraction 1 
LIN and STR in non-capacitating and capacitating medium had no significant difference over 
time. In procaine LIN and STR significantly declined between 15 and 90 minutes. 
LIN and STR in procaine were significantly lower than that in non-capacitating medium and 
capacitating medium. LIN and STR in non-capacitating medium were not significantly 
different to those in capacitating medium (Figures 4.45 and 4.46). 
 
 
Figure 4.44 Mean ALH for each fraction as induced by treatments (Fixed 
factor). Different letters denote significant difference (P<0.05). 
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Fraction 2 
LIN and STR in non-capacitating and capacitating medium had no significant difference over 
time. LIN and STR in procaine significantly declined between 60 and 90 minutes.  
LIN and STR in procaine were significantly lower than that in non-capacitating and 
capacitating medium. LIN and STR showed no significant difference between non-
capacitating and capacitating medium. 
Fraction 3 
LIN and STR in non-capacitating medium were constant over time. LIN and STR in 
capacitating medium significantly decreased between 15 and 30 minutes. Thereafter LIN and 
STR remained constant until 120 minutes. 
There was no significant difference of LIN and STR between non-capacitating and 
capacitating medium except at 15 and 30 minutes as well as at 15 minutes respectively. LIN 
and STR in procaine was mostly significantly lower than both in non-capacitating and 
capacitating medium except at 15, 30 and 90 minutes where no significant difference was 
observed. 
Comparing fractions 
In fraction 1, LIN and STR in capacitating and capacitating medium were significantly higher 
than that in fractions 2 and 3. In fraction 1, LIN and STR in procaine were mostly higher than 
that in fractions 2 and 3. In general there was no significant difference of LIN and STR in 
non-capacitating medium, capacitating medium and procaine between fractions 1 and 2. 
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Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
 
Treatments 
1 = Non-capacitating 
medium 
2 = capacitating 
medium 
3 = Procaine 
 
 
Figure 4.45 Mean  LIN in three fractions for different treatments over time 
Different letters denote significant difference (P<0.05). 
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4.5.8 Wobble (WOB) 
Fraction 1 
WOB in non-capacitating medium, capacitating medium and procaine had no significant 
difference over time (Figure 3.47). 
There was no significant difference of WOB among non-capacitating medium, capacitating 
medium and procaine except at 90 minutes where capacitating medium was lower than non-
capacitating medium. 
Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
 
Treatments 
1 = Non-capacitating 
medium 
2 = capacitating 
medium 
3 = Procaine 
 
 
Figure 4.46 Mean Straightness (STR) in the three fractions for different 
treatments over time. Different letters denote significant difference 
(P<0.05) 
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Fraction 2 
WOB in non-capacitating medium, capacitating and procaine remained constant over time. 
In general there was no significant difference of WOB among non-capacitating medium, 
capacitating medium and procaine except at 15 and 30 minutes where non-capacitating 
medium was significantly higher than capacitating medium and procaine as well as at 120 
minutes where non-capacitating medium had higher WOB than procaine. 
Fraction 3 
In general, there was no significant difference of WOB in non-capacitating medium, 
capacitating medium and procaine over time. However a significant decrease of WOB in non-
capacitating medium was observed. Moreover a significant decrease of WOB in capacitating 
between 15 and 60 minutes followed by a significant increase between 30 and 60 minutes 
was seen. Lastly a significant decrease of WOB in procaine between 15 and 60 was observed. 
WOB was mostly not significantly different between non-capacitating medium, capacitating 
medium and procaine except at 30 and 60 minutes where WOB in non-capacitating medium 
was significantly higher than both capacitating medium and procaine. 
Comparing fraction 
Fraction 1, WOB in non-capacitating medium was within the same range as in WOB 
fractions 2 and 3. Fraction 1, WOB in capacitating medium was not significantly different to 
that in fractions 2 and 3 except at 120 minutes where WOB in fraction 3 was significantly 
higher. WOB in procaine was mostly not significantly different among the three fractions. 
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4.5.9 Beat Cross Frequency (BCF) 
Fraction 1 
BCF in non-capacitating and capacitating medium remained constant over time. BCF in 
procaine significantly declined between 30 and 90 minutes and remained constant until 120 
minutes (Figure 4.48). 
In general, BCF in non-capacitating medium, capacitating medium and procaine was not 
significantly different. Furthermore BCF in procaine was significantly lower at 60, 90 and 
120 minutes. 
Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
 
Treatments 
1 = Non-
capacitating 
medium 
2 = capacitating 
medium 
3 = Procaine 
 
Figure 4.47Mean WOB in the three fractions for different treatments over 
time. Different letters denote significant difference (P<0.05). 
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Fraction 2 
In general, BCF in non-capacitating medium, capacitating medium remained within the same 
range over time. BCF in procaine significantly decreased between 60 and 90 minutes. 
BCF in procaine was significantly lower than that in non-capacitating medium and 
capacitating medium. BCF in non-capacitating was not significantly different to that in 
capacitating medium. 
Fraction 3 
BCF in non-capacitating medium significantly decreased between 60 and 90 minutes. 
Thereafter it remained constant until 120 minutes. BCF in capacitating medium significantly 
decreased between 15 and 60 minutes followed by another after 90 minutes. 
In general, BCF in procaine was significantly lower than that in non-capacitating medium and 
capacitating medium except at 15 and 90 minutes where BCF in procaine was within the 
same range as that in non-capacitating medium. 
Comparing fractions 
In fraction 1, BCF in non-capacitating medium was not significantly different to BCF in 
capacitating medium except at 15 and 60 minutes where BCF in fraction 2 non-capacitating 
medium was significantly lower. BCF in procaine fraction 1 was significantly higher than 
that in fraction 2. BCF in non-capacitating, capacitating medium and procaine was 
significantly higher in fraction 1 than in fraction 3. In general, BCF in non-capacitating and 
capacitating medium fraction 2 was significantly higher than that in fraction 3. BCF in 
procaine fraction 2 was generally higher than that in fraction 3. 
 
 
 
 
 
107 
 
 
 
 
 
 
4.6 The effect of 5mM caffeine, 2mM procaine, non-capacitating medium and 
capacitating medium on the bottom sperm subpopulation 
The mean percentage hyperactivation and swimming speed classes (rapid, medium, slow) for 
the fixed factors (treatment, time) are displayed in Table 4.10. The mean kinematic 
parameters for fixed factors are displayed in Table 4.11. The swimming patterns of sperm 
Figure 4.48 Mean  Beat Cross frequency(BCF) in the three fractions for 
different treatments over time. Different letters denote significant difference 
(P <0.05). 
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induced by caffeine and procaine are displayed in Figure 4.49. All interactions between fixed 
factors for motility and kinematic data are displayed in Table 4 Appendix and only significant 
interactions are described in more detail below. All interactions found were between 
treatment and time. 
 Swimming patterns of sperm exposed to caffeine and procaine are displayed below (Figure 
4.49) 
 
          
 
Figure 4.49 (A) Computer aided sperm analysis (CASA) captured sperm swimming patterns 
exposed to caffeine (A) and procaine (B). Immotile (yellow), medium swimming sperm 
(green) and rapid swimming sperm (red) 
A B 
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Table 4.10 The mean percentage hyperactivation and swimming speed classes (rapid, medium, slow) as a result of the effect of 5mM caffeine, 
2mM procaine, non-capacitating medium and capacitating medium on the bottom sperm subpopulation over time (n=20). 
Factors 
Hyp Hyp Rapid Rapid Med Med Slow Slow 
Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
                
Non-Capacitating 6.22c 0.59 47.92c 1.57 33.41a 1.06 18.67a 0.72 
Capacitating 15.30d 1.27 70.00b 1.40 21.24b 0.88 12.75b 0.64 
Caffeine 20.97a 1.55 75.30a 1.36 16.56c 0.91 8.14c 0.63 
Procaine 10.35bc 1.05 52.25c 1.70 29.50a 1.10 18.26a 0.90 
         
         
15 minutes 11.85b 1.25 59.11cb 1.93 25.64ab 1.27 15.27ab 0.86 
30 minutes 13.04ab 1.37 60.09ac 1.82 25.35ab 1.16 14.54ac 0.83 
60 minutes 14.17a 1.58 62.28a 2.09 24.08b 1.39 13.63cb 0.91 
90 minutes 14.09a 1.63 62.28ab 2.20 24.76ab 1.47 12.96c 0.88 
120 minutes 12.99ab 1.42 58.26c 2.40 25.99a 1.41 15.76a 1.21 
Hyp = hyperactivation (%), Rapid = rapid swimming sperm (%), Med = medium swimming sperm (%), Slow = slow swimming sperm (%). Different letters denote 
significant difference (P<0.05). 
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 Table 4.11 The mean kinematic parameters as a result of the effect of 5mM caffeine, 2mM procaine, non-capacitating medium and capacitating 
medium on the bottom sperm subpopulation over time (n=20). 
 
 
Factors 
VCL VCL VSL VSL VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
                                
Non-
Capacitating 
93.33c 1.27 41.95b 0.92 54.88b 0.82 2.66c 0.04 45.09a 0.82 75.81ab 0.71 59.02a 0.61 16.42b 0.18 
Capacitating 113.13b 1.85 51.83a 1.19 65.60a 1.07 3.02b 0.06 46.11a 0.90 78.26a 0.74 58.39a 0.69 17.36a 0.17 
Caffeine 121.44a 1.81 49.1a 1.09 65.18a 0.95 3.33a 0.06 40.82b 0.90 74.61b 0.84 54.09b 0.68 16.64b 0.18 
Procaine 98.43c 1.70 34.93c 0.90 51.85b 0.87 3.18ab 0.05 35.50c 0.66 66.67c 0.80 52.91b 0.46 14.82c 0.19 
                 
                 15 minutes 104.04c 1.94 43.97a 1.24 58.63a 1.09 2.90c 0.06 42.64a 1.10 74.14a 0.98 56.81a 0.81 16.59a 0.23 
30 minutes 105.50cb 1.94 43.78a 1.24 58.8a 1.11 2.98b 0.06 41.76ab 1.04 73.59a 0.99 56.07a 0.76 16.39ab 0.18 
60 minutes 108.5a 2.34 45.06a 1.33 60.05a 1.23 3.08a 0.07 41.77ab 0.97 74.14a 0.92 55.82a 0.73 16.41ab 0.24 
90 minutes 108.88ab 2.51 45.78a 1.47 60.60a 1.34 3.15a 0.07 42.21ab 1.07 74.42a 1.00 56.11a 0.78 16.09c 0.25 
120 minutes 106.24ac 2.52 43.89a 1.56 59.00a 1.45 3.13a 0.07 41.13b 1.02 73.04a 1.09 55.76a 0.69 16.11cb 0.23 
VCL= Curvilinear Velocity (µm/s), VSL= Straight-line Velocity (µm/s), VAP = Average Path Velocity (µm/s), ALH = Amplitude of Lateral Head displacement (µm), LIN = 
Linearity (%), STR = Straightness (%), WOB = Wobble (%), BCF = Beat cross frequency (Hz). Different letters denote significant difference (P<0.05). 
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4.6.1 Hyperactivation and Rapid swimming sperm 
Interactions between treatment and time for percentage hyperactivation (P<0.05) and rapid 
swimming sperm (P<0.05) are displayed in Figures 4.49 and 4.50. Sperm in non-capacitating 
medium had no significant difference of percentage hyperactivation over time whilst there 
was a significant increase of percentage rapid swimming sperm between 15 and 90 minutes. 
In capacitating medium, a significant increase of percentage hyperactivation and rapid 
swimming sperm was observed at 60 minutes and was maintained until 90 minutes. Likewise, 
in caffeine, a significant increase of percentage hyperactivation and rapid swimming sperm 
was observed between 30 and 60 and between 15 and 60 minutes respectively. In procaine, 
percentage hyperactivation and rapid swimming sperm significantly decreased between 15 
and 90 minutes as well as between 15 and 60 minutes respectively.  
Percentage hyperactivation and rapid swimming sperm were significantly lower in non-
capacitating medium than in capacitating medium and 5mM caffeine. The same effect was 
found for both these motility parameters in procaine at the initial time points, but after 60 
(hyperactivation) or 90 minutes (rapid swimming sperm), there was no difference between 
non-capacitating medium and procaine. Furthermore, percentage hyperactivation and rapid 
swimming sperm were significantly lower in capacitating medium than in caffeine for the 
first three time point as well as 120 minutes for percentage rapid swimming sperm. 
Percentage hyperactivation and rapid swimming sperm in capacitating medium were not 
significantly different to that in procaine between 15 and 30 minutes. Although there was 
initially no difference between percentage hyperactivation in procaine and caffeine, caffeine 
generally resulted in a significantly higher percentage hyperactivation and rapid swimming 
sperm compared to procaine. 
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Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
 
Treatment 
1 = Non-capacitating 
2 = Capacitating 
3 = Caffeine 
4 = Procaine 
Figure 4.50 Mean percentage hyperactivation (Hyp) in fraction 1 as induced by non-
capacitating medium, capacitating medium, caffeine (5mM) and procaine (2mM) over 
time. Different letters denote significant difference (P<0.05). 
Figure 4.51 Mean percentage rapid swimming sperm (Rapid) in fraction 1 as 
induced by non-capacitating medium, capacitating medium, caffeine (5mM) 
and procaine (2mM) over time. Different letters denote significant difference 
(P<0.05). 
Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
 
Treatment 
1 = Non-capacitating 
2 = Capacitating 
3 = Caffeine 
4 = Procaine 
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4.6.2 Slow and medium swimming sperm 
In general, in non-capacitating medium, percentage slow and medium swimming sperm 
remained within the same range over time (Figures 4.51 and 4.52), however, percentage slow 
swimming sperm significantly decreased between 15 and 90-120 minutes. In capacitating 
medium, a significant decrease of percentage slow and medium swimming sperm was 
observed between the initial time points and 60-90 minutes. In caffeine, percentage slow and 
medium swimming sperm did essentially not change over time, with only a decrease of 
percentage medium swimming sperm between 15 and 60 minutes. Percentage slow and 
medium swimming sperm significantly increased in procaine at 90 minutes and remained 
higher or further increased at 120 minutes. 
 
Percentage slow and medium swimming sperm were significantly higher in non-capacitating 
medium than that in capacitating medium and caffeine. Moreover, percentage slow sperm 
were significantly lower in procaine than in non-capacitating medium at 15, 30 and 120 
minutes. Percentage slow and medium swimming sperm were significantly lower in caffeine 
that in capacitating medium at 15, 30 and 60 minutes and at 30 and 90 minutes respectively. 
Percentage slow and medium sperm were significantly lower in capacitating medium than 
procaine at 15, 30 and 60 and at 60, 90 and 120 minutes respectively. Percentage slow and 
medium swimming sperm were significantly lower in caffeine than in procaine. 
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Figure 4.53 Mean percentage medium swimming sperm (medium) in fraction 1 as 
induced by non-capacitating medium, capacitating medium, caffeine (5mM) and 
procaine (2mM) over time. Different letters denote significant difference (P<0.05). 
 
Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Treatment 
1 = Non-capacitating 
2 = Capacitating 
3 = Caffeine 
4 = Procaine 
Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Treatment 
1 = Non-capacitating 
2 = Capacitating 
3 = Caffeine 
4 = Procaine 
Figure 4.52 Mean percentage slow swimming sperm (Slow) in  fraction 1 as induced 
by non-capacitating medium, capacitating medium, caffeine (5mM) and procaine 
(2mM) over time. Different letters denote significant difference (P<0.05). 
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4.6.3 Curvilinear Velocity (VCL), Straight-line velocity (VSL) and Average Path Velocity 
(VAP) 
In non-capacitating medium, there was significant increase of VCL, VSL and VAP at 90 
minutes (Figures 4.53-4.55). In capacitating medium, there was significant increase of VCL, 
VSL and VAP after 60 minutes. In caffeine VCL significantly increased at 60 minutes, while 
VSL and VAP had no significant difference over time. In procaine VCL, VSL and VAP had a 
significant decrease after 90 minutes. 
VCL, VSL and VAP were significantly lower in non-capacitating medium than that in 
capacitating medium and caffeine. In general, VSL and VAP in non-capacitating medium 
were not significantly different than that in procaine at the initial time points; therafter VSL 
and VAP in non-capacitating medium was significantly higher. Moreover it was the opposite 
for VCL. VSL and VAP in caffeine were similar to that found in capacitating medium for 
most time points (only significantly lower at 90 minutes) and VCL was significantly higher in 
caffeine at 90 and 120 minutes than in capacitating medium. VCL, VSL and VAP in procaine 
were significantly lower than in capacitating medium for almost all time points.  
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Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Treatment 
1 = Non-capacitating 
2 = Capacitating 
3 = Caffeine 
4 = Procaine 
Figure 4.54 Mean VCL (µm/s) in sperm  fraction 1 as induced by non-capacitating 
medium, capacitating medium, caffeine (5mM) and procaine (2mM) over time. Different 
letters denote significant difference (P<0.05). 
Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Treatment 
1 = Non-capacitating 
2 = Capacitating 
3 = Caffeine 
4 = Procaine 
Figure 4.55 Mean VSL (µm/s) in sperm fraction 1 as induced by non-capacitating 
medium, capacitating medium, caffeine (5mM) and procaine (2mM) over time. 
Different letters denote significant difference (P<0.05). 
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4.6.4 Amplitude of Lateral Head displacement (ALH) 
In non-capacitating medium, ALH significantly increased between 15 and 60 minutes and 
remained higher until 120 minutes. In capacitating medium, a significant increase was 
observed for ALH between 30 and 60 minutes and remained higher until 120 minutes. In 
caffeine there was significant increase in ALH from 15 to 30 minutes and also from 60 to 90 
minutes. In procaine there was no significant difference in ALH over time. 
ALH in non-capacitating medium was significantly lower than that in capacitating medium, 
caffeine and procaine (Figure 4.57). Capacitating medium initially resulted in a higher ALH 
than in procaine, but was not significantly different after 60 minutes. Furthermore, 
capacitating medium had significantly lower ALH than that in caffeine for most time points. 
Caffeine had ALH within the same range as procaine initially and significantly higher at 90 
and 120 minutes. 
Figure 4.56 Mean VAP (µm/s) in sperm fraction 1 as induced by non-capacitating 
medium, capacitating medium, caffeine (5mM) and procaine (2mM) over time. 
Different letters denote significant difference (P<0.05). 
Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Treatment 
1 = Non-capacitating 
2 = Capacitating 
3 = Caffeine 
4 = Procaine 
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3.5.5 LIN and STR 
 
4.6.5 Linearity (LIN) and straightness (STR) 
In non-capacitating medium, LIN and STR mainly remained in the same range over time, 
with only an increase in LIN between 60 and 90 minutes (Figures 4.58 and 4.59). In procaine, 
both LIN and STR significantly decreased at 90-120 minutes. In capacitating medium and 
caffeine, both STR and LIN had no significant difference over time.  
In general, non-capacitating medium was not significantly different to capacitating medium 
for both LIN and STR, with STR in non-capacitating being significantly lower at 120 
minutes. Furthermore, there was almost no significant difference in LIN and STR between 
non-capacitating medium and caffeine, with caffeine resulting in a significantly lower LIN 
after 90 minutes. LIN in capacitating medium was significantly higher than that in caffeine 
over time whilst STR was not significantly different at 15, 30 and 60 minutes. LIN and STR 
were significantly lower in procaine compared to non-capacitating medium, capacitating 
medium and caffeine. 
Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Treatment 
1 = Non-capacitating 
2 = Capacitating 
3 = Caffeine 
4 = Procaine 
Figure 4.57 Mean ALH (µm) in sperm fraction 1 as induced by non-capacitating 
medium, capacitating medium, caffeine (5mM) and procaine (2mM) over time. 
Different letters denote significant difference (P<0.05). 
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Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Treatment 
1 = Non-capacitating 
2 = Capacitating 
3 = Caffeine 
4 = Procaine 
Figure 4.58 Mean percentage LIN (LIN) in sperm fraction 1 as induced by non-
capacitating medium, capacitating medium, caffeine (5mM) and procaine (2mM) over 
time. Different letters denote significant difference (P<0.05). 
Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Treatment 
1 = Non-capacitating 
2 = Capacitating 
3 = Caffeine 
4 = Procaine 
Figure 4.59 Mean percentages STR in sperm fraction 1 as induced by non-
capacitating medium, capacitating medium, caffeine (5mM) and procaine 
(2mM) over time. Different letters denote significant difference (P<0.05). 
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4.6.6 Wobble (WOB) 
The interaction between treatment and time (P = 0.04017) for WOB is displayed in Figure 
4.60. In non-capacitating medium WOB significantly increased between 60 and 90 minutes. 
In capacitating medium WOB significantly decreased between 15 and 60 minutes. In caffeine 
a significant decrease of WOB was observed between 15 and 90 minutes.  In procaine there 
was no significant difference over time. 
WOB in non-capacitating medium and capacitating medium (not significantly different) was 
also significantly higher than that in procaine and caffeine (not significantly different). 
 
 
 
 
 
 
Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Treatment 
1 = Non-capacitating 
2 = Capacitating 
3 = Caffeine 
4 = Procaine 
Figure 4.60 Mean percentage WOB in sperm fraction 1 as induced by non-
capacitating medium, capacitating medium, caffeine (5mM) and procaine (2mM) 
over time. Different letters denote significant difference (P<0.05). 
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4.6.7 Beat Cross Frequency (BCF) 
The interaction between treatment and time for BCF (P=0.01949) are displayed in Figure 
4.61. BCF in non-capacitating medium, capacitating medium and caffeine remained 
relatively constant over time, with only a decrease in BCF between 15 and 90 minutes in 
caffeine. BCF in procaine only significant decreased after 60 minutes.  
In non-capacitating medium, BCF was significant lower than that in capacitating medium at 
60, 90 and 120 minutes. BCF in non-capacitating medium was not significantly different to 
caffeine. BCF in capacitating medium was significantly higher than that in caffeine at 90 and 
120 minutes. Lastly BCF in non-capacitating medium, capacitating medium and caffeine 
were significantly higher than that in procaine. 
 
 
 
 
Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Treatment 
1 = Non-capacitating 
2 = Capacitating 
3 = Caffeine 
4 = Procaine 
Figure 4.61 Mean percentage BCF in sperm fraction 1 as induced by non-capacitating 
medium, capacitating medium, caffeine (5mM) and procaine (2mM) over time. 
Different letters denote significant difference (P<0.05). 
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4.7 The effect of 5mM caffeine, 2mM procaine, non-capacitating medium and 
capacitating medium on sperm in semen 
The mean percentage hyperactivation and swimming speed classes (rapid, medium, slow) for 
the fixed factors (treatment, time) are displayed in Table 4.40. The mean kinematic 
parameters for fixed factors are displayed in Table 4.41. All interactions between fixed 
factors for motility and kinematic data are displayed in Table 4 Appendix and only significant 
different interactions are described in more detail below. 
All interactions found were between treatment and time. For many parameters, no 
interactions were found. 
4.7.1 Hyperactivation, Linearity (LIN) and Straightness (STR) 
Percentage hyperactivation, LIN and STR in all media over time are displayed in Figures 
4.62, 4.63 and 4.64). A significant increase in percentage hyperactivation was found after 5 
minutes and a significant decrease in LIN and STR after 5-15 minutes.  
Percentage hyperactivation, LIN and STR of sperm in non-capacitating medium, capacitating 
medium, procaine and caffeine are displayed in Figures 4.65, 4.66 and 4.67. Caffeine had the 
highest percentage hyperactivation followed by procaine, capacitating medium and non-
capacitating medium respectively. On the other hand, capacitating medium had the highest 
LIN and STR followed by non-capacitating medium, caffeine and procaine respectively. 
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Table 4.11 The mean percentage hyperactivation and swimming speed classes (rapid, medium, slow) as a result of the effect of 5mM caffeine, 
2mM procaine, non-capacitating medium and capacitating medium on sperm in semen over time (n=28). 
Factors 
Hyp Hyp Rapid Rapid Med Med Slow Slow 
Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
        
Non-capacitating 6.54c 0.65 42.16c 1.59 36.91a 0.88 20.93a 1.07 
Capacitating 7.76bc 0.66 49.71b 1.60 32.43b 0.92 17.85b 1.08 
Procaine 9.55b 0.86 51.70b 1.61 30.70b 0.92 17.60b 0.98 
Caffeine 13.85a 0.95 68.74a 1.41 23.90c 1.02 7.35c 0.53 
         
         
0 minutes 5.73b 0.85 38.37d 1.91 40.28a 1.15 21.36a 1.24 
5 minutes 6.71b 0.96 45.72c 1.95 35.34b 1.09 18.94a 1.23 
15 minutes 10.27a 1.07 53.63b 2.05 30.85c 1.20 15.52b 1.24 
30 minutes 12.07a 1.12 59.78a 1.99 26.65d 1.12 13.57bc 1.12 
45 minutes 11.63a 0.97 61.65a 1.91 26.14d 1.10 12.21c 1.20 
60 minutes 10.20a 0.87 59.61a 1.95 26.53d 1.06 13.86bc 1.25 
Hyp = hyperactivation (%), Rapid = rapid swimming sperm (%), Med = medium swimming sperm (%), Slow = slow swimming sperm (%). Different letters denote 
significant difference (P<0.05). 
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Table 3.12 The mean kinematic parameters as a result of the effect of 5mM caffeine, 2mM procaine, non-capacitating medium and capacitating 
medium on sperm in semen over time (n=28). 
 
Factors 
VCL VCL VSL VSL VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
Mean Std.Err Mean Std.Err Mean Std.Err Std.Dev. Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
                
Non-capacitating 89.09c 1.30 38.13b 0.66 53.40c 0.69 2.49bc 0.05 43.14b 0.62 71.25b 0.77 60.41a 0.44 14.65a 0.25 
Capacitating 94.36b 1.31 42.25a 0.72 56.65b 0.67 2.63c 0.05 45.06a 0.65 74.10a 0.75 60.60a 0.46 15.29a 0.22 
Procaine 96.5133b 1.45 34.23c 0.62 53.91c 0.68 2.73b 0.06 36.07d 0.62 63.85c 0.94 56.44b 0.42 13.33b 0.28 
Caffeine 110.1849a 1.38 42.10a 0.56 60.04a 0.64 2.97a 0.04 38.88c 0.59 70.34b 0.69 54.98c 0.43 14.82a 0.14 
                 
                 
0 minutes 86.89d 1.61 37.43c 0.75 52.59c 0.83 2.35e 0.05 43.77a 0.86 71.23a 0.95 61.05a 0.57 14.51ab 0.26 
5 minutes 91.76c 1.73 39.31ab 0.87 54.70b 0.90 2.50d 0.05 43.42a 0.85 71.76a 0.99 60.19a 0.62 14.94a 0.26 
15 minutes 98.54b 1.85 40.04a 0.87 56.47a 0.87 2.69c 0.06 41.23b 0.83 70.80ab 1.05 57.99b 0.57 14.94a 0.28 
30 minutes 102.66a 1.79 40.11a 0.88 57.77a 0.84 2.84b 0.06 39.58c 0.81 69.30cb 1.08 56.92c 0.57 14.71ab 0.31 
45 minutes 103.97a 1.72 40.20a 0.85 58.27a 0.80 2.95a 0.06 39.05cd 0.77 68.85cd 1.07 56.59c 0.52 14.32b 0.31 
60 minutes 101.62ab 1.66 38.04cb 0.84 56.30ab 0.80 2.91ab 0.07 37.67d 0.68 67.37d 1.02 55.88c 0.49 13.74c 0.31 
VCL= Curvilinear Velocity (µm/s), VSL= Straight-line Velocity (µm/s), VAP = Average Path Velocity (µm/s), ALH = Amplitude of Lateral Head displacement (µm), LIN = 
Linearity(%), STR = Straightness (%), WOB = Wobble (%), BCF = Beat cross frequency (Hz). Different letters denote significant difference (P<0.05). 
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Figure 4.62 Mean percentage hyperactivation (Hyp) as induced by flushing sperm in 
semen with non-capacitating medium, capacitating medium, procaine and caffeine 
over time. Different letters denote significant difference (P<0.05). 
1 = 0 minutes 
2 = 5 minutes 
3 = 15 minutes 
4 = 30 minutes 
5 = 45 minutes 
6= 60 minutes 
1 = 0 minutes 
2 = 5 minutes 
3 = 15 minutes 
4 = 30 minutes 
5 = 45 minutes 
6= 60 minutes 
 
Figure 4.63 Mean percentage linearity (LIN) as induced by flushing sperm in semen 
with non-capacitating medium, capacitating medium, procaine and caffeine over time. 
Different letters denote significant difference (P<0.05). 
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4.7.2 Curvilinear Velocity (VCL), rapid and slow swimming sperm 
An interaction between treatment and time in rapid (P=0.01392) (Figure 4.65), VCL 
(P=0.03634) (Figure 4.66 and slow (P<0.05) swimming sperm (Figure 4.67) was observed. 
Percentage rapid swimming sperm and VCL significantly increased until 30 minutes for all 
treatments while the opposite was generally found for percentage slow swimming sperm. 
In general, percentage rapid swimming sperm and VCL in non-capacitating medium were 
significantly lower than that in capacitating medium, procaine and caffeine, except at 15 
between non-capacitating medium and capacitating medium and at 60 minutes between non-
capacitating medium and procaine. Moreover VCL in non-capacitating was not significantly 
different to that in procaine except at 15 minutes. Percentage rapid swimming sperm and 
VCL in capacitating medium were significantly lower than that in procaine only at 0-5 
Figure 4.64 Mean percentage straightness (STR) as induced by flushing sperm in semen 
with non-capacitating medium, capacitating medium, procaine and caffeine over time. 
Different letters denote significant difference (P<0.05). 
 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
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minutes. Caffeine had a significantly higher percentage rapid swimming sperm than 
capacitating medium and procaine.  
Percentage slow sperm was significantly higher in non-capacitating medium than capacitating 
and procaine at 0 and 5 minutes and thereafter there was no difference found. Caffeine had 
significantly lower slow swimming sperm than non-capacitating, capacitating and procaine. 
 
 
 
Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Treatment 
1 = Non capacitating 
2 = Capacitating 
3 = Procaine 
4 = Caffeine 
Figure 4.65 Mean percentage rapid swimming sperm (Rapid) as 
induced by flushing sperm in semen with non-capacitating 
medium, capacitating medium, caffeine and procaine over time. 
Different letters denote significant difference (P<0.05). 
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Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Treatment 
1 = non-capacitating 
2 = Capacitating 
3 = Procaine 
4 = Caffeine 
Figure 4.67 Mean percentage slow swimming sperm (Slow) as 
induced by flushing sperm in semen with non-capacitating medium, 
capacitating medium, caffeine and procaine over time. Different 
letters denote significant difference (P<0.05). 
Figure 4.66 Mean VCL (µm/s) as induced by flushing sperm in 
semen with non-capacitating medium, capacitating medium, 
procaine and caffeine over time. Different letters denote 
significant difference (P<0.05). 
Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Treatment 
1 = non-capacitating 
2 = Capacitating 
3 = Procaine 
4 = Caffeine 
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4.7.3 Percentage medium swimming sperm 
 
 Percentage medium swimming sperm in non-capacitating medium, capacitating medium, 
procaine and caffeine was observed over time (Figure 4.68). A significant decrease of 
percentage medium swimming sperm was found until 30 minutes. 
There was also a significant difference found among treatments (Figure 4.69). Percentage 
medium swimming sperm was the highest in non-capacitating medium and the lowest in 
caffeine. There was no significant difference in the percentage medium swimming sperm 
between capacitating medium and procaine.  
 
 
 
 
Figure 4.68 Mean percentage medium swimming sperm (Med) as induced by 
flushing sperm in semen with non-capacitating medium, capacitating medium, 
procaine and caffeine over time. Different letters denote significant difference 
(P<0.05). 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
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4.7.4 Amplitude of Lateral Head displacement (ALH) 
 
An interaction between treatment and time was observed (P=0.00123) and is displayed in 
Figure 4.70. In non-capacitating medium, capacitating medium and procaine, there was no 
difference in ALH between 0 and 5 minutes, followed by a significant increase of ALH until 
30-45 minutes. ALH decreased at 60 minutes only in procaine. In caffeine ALH significantly 
increased from 0 to 30 minutes, thereafter remained constant until 60 minutes.  
ALH in non-capacitating medium was not significantly different to that in capacitating 
medium and significantly lower to caffeine and procaine. ALH in capacitating medium was 
significantly lower than that in caffeine, but not significantly different to procaine at 0, 5, 30 
and 45 minutes and significantly lower at 15 and higher at 60 minutes. ALH in procaine was 
not significantly to caffeine at 0, 5, 15 and 45 minutes and significantly lower at 30 and 60 
minutes. 
1 = Non-capacitating 
2 = Capacitating 
3 = Procaine 
4 = Caffeine 
Figure 4.69 Percentage medium swimming sperm as induced by flushing sperm in 
semen with non-capacitating medium, capacitating medium, procaine and caffeine. 
Different letters denote significant difference (P<0.05). 
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4.7.5 Straight -line Velocity (VSL)  
 
An interaction between treatment and time was observed in VSL (P = 0.00370) as displayed 
in Figure 4.71. VSL significantly increased between 5 and 15 minutes respectively, followed 
by a significant decrease between 45 and 60 minutes. No other significant differences were 
observed. In capacitating medium and procaine VSL significantly increased between 0 and 5 
minutes. VSL significantly decreased between 45 and 60 minutes.  
In non-capacitating medium VSL was significantly lower than in capacitating medium at 0 5, 
30, 45 and 60 minutes. Furthermore VSL in non-capacitating medium were significantly 
higher than in procaine at 5, 15, 30, 45 and 60 minutes. Lastly VSL in non-capacitating 
medium was significantly higher than in procaine except at 15 minutes. There was no 
significant difference of VSL between capacitating medium and procaine. VSL in 
capacitating medium was significantly lower than to that in caffeine. Lastly VSL in procaine 
was significantly lower to that in caffeine over time. 
Figure 4.70 Mean ALH (µm) in sperm fractions induced by flushing sperm in semen 
with non-capacitating medium, capacitating medium, procaine and caffeine over time. 
Different letters denote significant difference (P<0.05). 
Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Treatment 
1 = non-capacitating 
2 = Capacitating 
3 = Procaine 
4 = Caffeine 
 
 
 
 
 
132 
 
 
 
 
4.7.6 Average Path Velocity (VAP) 
An interaction between treatment and time was observed (P = 0.00688) and is displayed in 
Figure 4.72. In non-capacitating medium, capacitating medium and procaine, a significant 
increase of VAP was observed from 0 to 15-30 minutes and thereafter VAP remained 
relatively constant or decreased at 60 minutes. In caffeine, there was a significant increase of 
VAP between 0 and 15 minutes and thereafter it remained within the same range. 
VAP in non-capacitating medium was significantly lower to that in capacitating medium and 
caffeine, except at 15 minutes in capacitating medium. VAP in non-capacitating medium was 
not significantly different to that in procaine, except at 0 minutes where VAP in non-
capacitating medium was significantly lower. VAP in capacitating medium was significantly 
different to that procaine except at 0 minutes. VAP in caffeine was significantly higher than 
VAP in procaine over time.  
Figure 4.71 Mean VSL (µm/s) in sperm fractions induced by flushing sperm in semen 
with non-capacitating medium, capacitating medium, procaine and caffeine over time. 
Different letters denote significant difference (P<0.05). 
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4.7.7 Wobble (WOB)  
The effect on WOB over time for all treatments (P< 0.05) is displayed in Figure 4.73. There 
was a significant decrease in WOB after 5 minutes until 30 minutes,   and then it remained 
within the same range until 60 minutes. 
The differences in WOB for the four treatments (P< 0.05) are displayed in Figure 3.74. There 
was no significant difference in WOB between non-capacitating and capacitating medium 
and WOB in both these media was higher than in caffeine and procaine. Moreover, procaine 
had significantly higher WOB than caffeine. 
 
 
 
Figure 4.72 Mean VAP (µm/s) as induced by flushing sperm in semen with 
non-capacitating medium, capacitating medium, procaine and caffeine over 
time. Different letters denote significant difference (P<0.05). 
Time 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Treatment 
1 = non-capacitating 
2 = Capacitating 
3 = Procaine 
4 = Caffeine 
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Figure 4.73 Mean percentage wobble (WOB) as induced by flushing sperm in semen 
with non-capacitating medium, capacitating medium, procaine and caffeine over 
time. Different letters denote significant difference (P<0.05). 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
Figure 4.74 Mean percentage WOB (Wobble) as induced by flushing sperm 
in semen with non-capacitating medium, capacitating medium, procaine and 
caffeine over time. Different letters denote significant difference (P<0.05). 
 
1 = 15 minutes 
2 = 30 minutes 
3 = 60 minutes 
4 = 90 minutes 
5 = 120 minutes 
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4.7.8 Beat Cross Frequency (BCF) 
An interaction between treatment and time (P = 0.01318) for BCF is displayed in Figure 4.75. 
In non-capacitating medium, a significant increase of BCF between 0 and 15 minutes, 
followed by decrease between 45 and 60 minutes was observed. In capacitating medium, a 
significant increase of BCF between 0 and 5 minutes followed by a decrease between 5 and 
45 minutes was observed. Thereafter, there was significant decrease of BCF between 5 and 
45 minutes. In procaine, there was a significant decrease of BCF after 30 minutes. In 
caffeine, there was significant decrease of BCF between 0 and 30 minutes, between 5 and 45 
minutes as well as between 15 and 60 minutes. 
BCF in non-capacitating was lower than in capacitating medium and higher than in procaine, 
except at 0 and 30 minutes where there was no significant difference. There was, however, no 
significant difference in BCF between non-capacitating medium as well as capacitating 
medium and caffeine over time. Procaine resulted in a significantly lower BCF than in both 
capacitating medium and caffeine, except at 30 minutes where there was no significant 
difference with caffeine. 
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1 = Non-capacitating 
2 = capacitating 
3 = Procaine 
4 = Caffeine 
Figure 4.75 Mean BCF as induced by flushing sperm in semen with 
non-capacitating medium, capacitating medium, procaine and 
caffeine over time. Different letters denote significant difference 
(P<0.05). 
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Chapter 5: Discussion 
The main objective of the present study was to separate sperm populations within a single 
ejaculate according to motility classes (High, intermediate and low motile fractions). 
Thereafter the different subpopulations were treated with caffeine, procaine, capacitating and 
non-capacitating medium to analyse any distinctions among fractions’ response to treatment 
over time. In addition sperm in neat semen was also exposed to caffeine, procaine, non-
capacitating and capacitating medium. The exposure of sperm in semen was for the purpose 
of showing the response of non-separated sperm to chemicals and thereafter the difference 
between non-separated and separated sperm response to treatment. Analysis of the effect of 
the chemicals was done over time. 
 
The experimentation was divided into the following sub-sections: 
 The effect of caffeine concentrations 2mM, 5mM and 10mM on human  sperm 
subpopulations over time (Determination of caffeine concentration) 
 The effect of caffeine on sperm fractions (The effect of the selected 5mM caffeine on 
sperm fractions over time) 
 The effect of procaine on sperm 2mM procaine on sperm fractions 
 The effect of 5mM caffeine, 2mM procaine, non-capacitating medium and 
capacitating medium on the bottom subpopulation 
 The effect of 5mM caffeine, 2mM caffeine, non-capacitating and capacitating 
medium on sperm in semen 
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5.1 The effect of caffeine concentrations 2mM, 5mM and 10mM on human  sperm 
subpopulations over time 
 
Caffeine was selected for the current study because of its phosphodiesterase inhibition 
property. Its mechanism leads to the accumulation of cAMP as well as calcium translocation 
which mediate pathways for sperm motility and hyperactivated motility (Garber et al., 1971; 
Hong et al., 1985). Caffeine enhances sperm motility in various animal species e.g. human, 
mice, dog, pig and monkey (Imoedemhe et al., 1992; Milani et al., 2010; Garcia-Mengual et 
al., 2011). It has also been reported to increase motility in cryopreserved canine semen up to 
88% compared to 12% control without caffeine (Milani et al, 2010). Sperm motility is a 
fertilizing potential indicator (Fraczek et al., 2014). Moreover, caffeine has been identified to 
induce sperm hyperactivated motility in ram, boar and mice which is a pre-requisite for 
fertilization to occur (Benon and Linet, 2005). Caffeine has also been used as means of in 
vitro acrosome reaction induction which is a vital step in the occurrence of fertilization 
(Tesarik et al., 1992) and it has been reported to induce spontaneous abortion in in vitro 
fertilization of rhesus monkeys (Bavister et al., 1984). This provides further avenues in the 
study of in vitro fertilization by caffeine. 
In the current study, the significant difference among caffeine concentrations 2, 5 and 10mM 
for most parameters assessed indicate its stimulating effect to be dependent on dose. 
However, this difference was only observed in fractions 2 and 3 which had less 
hyperactivated sperm compared to fraction 1. Fraction 1 (highly motile subpopulation) had 
maximum constant hyperactivation in all media and over time. It thus seems that sperm in 
fraction 1 will hyperactivate, whether a dose of caffeine is added or not, whereas sperm in 
fractions 2 and 3 will only have higher percentage hyperactivated sperm if treated by 5mM or 
10mM caffeine. The PureSperm density gradient method separates sperm according to 
various characteristics including maturity hence mature sperm are found at the bottom while 
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immature are in the middle or top (Beydola et al., 2013). Therefore sperm in fraction 2 and 3 
(immature sperm) might still be lacking some of the receptors particularly those responsible 
for reacting to capacitation and hyperactivation stimuli. It may also be as a result of damaged 
sperm (membrane impairment) hence low responsive sperm (fractions 2 and 3) to treatment 
due to denatured receptors i.e. CatSper. Sperm with non-functional CatSper cannot penetrate 
through the oocyte (Avenarius, 2009). In addition, these less motile fractions may have low 
percentage of rapid swimming sperm and kinematic classes because of immature or defective 
axonemal complex hence a less or non-functional motor apparatus (McClure et al., 1983). 
Thus in the present study, caffeine may be inducing hyperactivation through calcium 
translocation as a result of the high (5mM and 10mM) concentration of caffeine used. 
Although this pathway might be bypassing membrane receptors (CatSper) it increases 
chances of fertility by enhancing motility and inducing hyperactivation. 
Sperm stimulated by both 5mM and 10mM caffeine did not show any significant difference 
for the following parameters: Percentage hyperactivation, VCL, VSL, VAP and rapid 
swimming sperm in all fractions and these parameters were significantly higher than those in 
capacitating medium. Sharma et al. (1996) indicated 5mM caffeine to have induced the 
highest VCL, VAP and ALH compared to 1mM and 2mM in cryopreserved human sperm. 
Moreover, Harrison et al. (1980) reported that longer incubation of spermatozoa and high 
concentration of caffeine (6mM caffeine) led to detrimental effects such as morphological 
damage compared to control (modified ringer’s solution) which did not show any effects. In 
addition, Imoedemhe et al. (1992) reported 5mM caffeine to have improved human sperm 
motility, however, mediated the lowest fertilization rate in comparison to 1.25 and 2.5mM 
caffeine. However, in the present study, there was no difference of VCL, VAP and rapid 
swimming sperm between 5mM and 10mM caffeine; therefore this suggests that 5mM 
caffeine is the maximum concentration for stimulating spermatozoa compared to 10mM 
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caffeine. Similarly, Hong et al. (1981) reported 5mM caffeine and above to have detrimental 
effects.  
In the current study, capacitating medium (control) showed significantly lower 
hyperactivation and ALH compared to 5 and 10mM caffeine. Similarly Nabavari et al. (2013) 
reported that fertilization of mouse oocytes significantly increased when sperm were exposed 
to media containing a caffeine mixture compared to control (M16 medium). ALH, VCL and 
LIN are indicative of hyperactivation which is essential for fertilization (Mortimer and 
Mortimer, 1990) thus this suggests that caffeine may be a mediator for in vitro fertilization to 
occur. In this study VCL was below the criteria set for hyperactivation whilst LIN met it. 
Thus hyperactivation values might then need to be adjusted for caffeine and tested to confirm 
the possibility of fertilization. The low values for hyperactivation criteria might be due to the 
media used as the positive control had lower percentage hyperactivation and ALH compared 
to 5mM and 10mM caffeine. Nabavi et al. (2013) reported on media differences where T6 
and M16 did not have similar effects; T6 with caffeine resulted in increase of sperm motility, 
viability and fertilized mouse oocytes compared to T6 without caffeine while M16 showed no 
significant difference of sperm motility, viability and fertilized mouse oocytes with or 
without caffeine. On the contrary, in bovine sperm, sperm motility and fertilization were 
reported to be higher in control without caffeine than in caffeine concentrations of more than 
2mM (Momozawa and Fukuda, 2003). This may indicate species difference physiologically 
(hyperactivation pathway) to specific chemicals as our present study dealt with only human 
spermatozoa.  
A significant increase of sperm hyperactivation, ALH and rapid swimming sperm in caffeine 
was seen between 15 and 60 minutes, thereafter almost a constant percentage hyperactivation 
was maintained until 120 minutes in the present study. In addition, speed kinematic 
parameters increased significantly between 15 and 90 minutes, thereafter a constant range 
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was observed. Spalekova et al. (2014) reported that caffeine significantly enhanced motility 
of cryopreserved sperm and maintained it until 72hrs.  This suggests that the stimulating 
effect of caffeine on sperm motility occurs shortly after sperm are exposed to it and remains 
constant. The immediate/short-term effect seen may be due to the attribute of caffeine acting 
via various signalling pathways depending on its concentration (high concentration = 
phosphodiesterase inhibition causing accumulation of cAMP and low concentration = 
calcium translocation) (Hong et al., 1985). Baumber and Meyers (2013) also reported that 
ALH, VCL, beat cross frequency and percentage hyperactivation significantly increased 
between 0 and 30 minutes and thus the period between 10 and 20 minutes was termed a 
transition phase from motility to hyperactivated motility (Mortimer and Mortimer, 1990). In 
this study, it can thus be said that the period between 30 and 60 minutes is the period before 
saturation (consistency) of signalling pathways within the sperm cell. As a result of the 
almost immediate stimulating effect, caffeine may be used as a quick sperm functional test.  
Similar to the current study, Baumber and Meyers (2013) indicated that LIN and STR 
significantly decreased over time suggesting less linear swimming patterns as expected in 
hyperactivation. On the contrary, in this study VSL increased as opposed to decreasing in 
hyperactivation. This suggests that caffeine may initiate a different hyperactivation pattern as 
opposed to other stimulants such as procaine which depicts a star-spin pattern. Thus the 
induction of hyperactivation by caffeine in human sperm may be evident not in the typical 
star-spin as reported in other species but what is termed progressive hyperactivation due to 
the increase in VSL (Baumber and Meyers, 2006).  
Therefore clinically, 5mM caffeine would be a suitable mediator in in vitro fertilization for 
asthenozoospermic patients by inducing hyperactivation, however, hyperactivation criteria 
will have to be adjusted. In addition, caffeine could be used for the comparison of fractions in 
semen to identify the different subpopulations. 
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5.2 The effect of caffeine on sperm fractions 
5mM caffeine induced a higher percentage hyperactivation and ALH in fraction 1 than that in 
both fractions 2 and 3 over time. Furthermore, fraction 2 (intermediate motile subpopulation) 
significantly increased in the last time point compared to fraction 1. Each sperm population 
was separated according to motility characteristics. Spermatozoa might portray low motility 
due to abnormal morphology, mutated axoneme elements or increased size of the midpiece 
(Morreti et al., 2008)). The defectiveness of one or more of these sperm constituents will 
affect the functionality of the sperm including the caffeine stimulation pathway whether in 
the membrane or ultrastructural level. The higher stimulation response of caffeine in fraction 
1 confirms the heterogeneous nature of sperm populations within a single ejaculate (Abaigar 
et al., 2001). Moreover, the different response of fractions to 5mM caffeine also suggests that 
a high motile fraction is more likely to undergo hyperactivation as opposed to low motile 
fraction. Therefore, the distinct response to chemicals found in this study indicates that 
reporting only average values for the whole ejaculate may mask the true mean of each 
subpopulation as suggested by Maree and van der Horst (2013). In a clinical setting, if a male 
produces high concentration of sperm with intermediate or low motility (similar to fractions 2 
and 3), it can thus be stimulated by caffeine to reach hyperactivation criteria values when 
spermatozoa are incubated with oocytes during in vitro fertilization. 
Furthermore, although the three subpopulations differed significantly for percentage rapid 
swimming sperm, it is essential that other parameters such as VCL, VSL, VAP and STR be 
assessed. In the aforementioned kinematic parameters, subpopulation 2 and 3 were not 
significantly different from each other. The assessment of other parameters will thus allow 
for a more precise categorization of spermatozoa into their respective subpopulations. In our 
study, the notion that motility is an indicator for fertilization to occur (Fraczek et al., 2014) is 
essential, however, the degree of motility as indicated by detailed kinematic parameters is of 
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vital importance. The value of using such sperm swimming characteristics have been 
indicated by Mortimer and Mortimer (2013), who reported on hyperactivation (indicator for 
fertilization) cut off values of VCL, ALH and LIN. Moreover, Maree and van der Horst 
(2013) reported on the existence of three distinct subpopulations after the adjustment of VCL 
cut off values for rapid, medium and slow swimming sperm.  
Caffeine is a widely reported chemical that enhances motility in sperm of different species 
including humans (Hong et al., 1981). In this present study, the increase in VSL over time is 
contrary to hyperactivation characteristics as it decreases (McPartlin, 2009). Moreover, 
Jackie et al. (1990) reported change of human spermatozoa (stimulated by caffeine) 
movement pattern from a rolling to yawing progression concurrent with increase in ALH and 
a small decrease in velocity compared to an increase in pentoxifylline concentration. It can 
thus be said that human sperm hyperactivation induced by caffeine does not cause a star-spin 
pattern as seen in other methylxanthine such as procaine, however, maintains high VCL and 
ALH. According to the literature, the caffeine induced hyperactivation pattern observed in the 
present study is termed transition hyperactivation (Mortimer and Mortimer, 1990). 
Nonetheless, the pattern is maintained over time and may be called progressive 
hyperactivation as suggested by Baumber and Meyers (2006). In in vitro fertilization, 
caffeine induced progressive hyperactivation may allow spermatozoa to progress to the 
oocyte incubated in the same media whereas star-spin or non-progressive hyperactivation 
may limit sperm from reaching the oocyte thus fertilization rate would be low or not occur. 
Therefore parameters that should be assessed are the speed classes, VCL, VSL, VAP as well 
as ALH as opposed to the inclusion of LIN. Moreover the current hyperactivation criteria 
values should be adjusted as only LIN meets the criteria to indicate hyperactivation when 
sperm is exposed to caffeine. 
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5.3 The effect of procaine on sperm fractions 
Procaine-stimulated fraction 1 displayed significantly decreasing values over time compared 
to non-capacitating and capacitating medium for all parameters with exceptions to slow 
swimming sperm and WOB. Fractions 2 and 3 parameters stimulated by procaine were in the 
same range as controls. Moreover, values of parameters in fraction 1 were significantly lower 
than those of sperm in non-capacitating and capacitating medium. On the contrary, 100% 
hyperactivation of bull sperm by 5mM procaine was maintained for 4hrs (Marquez and 
Suarez, 2004). The different response in the aforementioned species suggests different 
hyperactivation pathways, hence the immediate decrease in the second time point however 
analysis was done up to 120 minutes. In addition, procaine may have caused motor apparatus 
impairment in sperm hence the observation of totally immotility of sperm after 15 minutes 
when it was incubated in 5mM procaine in determination of procaine concentration for this 
study. The higher the concentration of procaine, the quicker the decline of most sperm 
motility parameters assessed. Hong et al. (1981) demonstrated 18mM procaine to half the 
percentage motile sperm compared to that found in control media and to lower doses of 
procaine. Moreover, fraction 1 had significantly lower slow swimming sperm compared to 
fractions 2 and 3 over time. This suggests as in previous literature that subpopulations 
respond differently to treatment (Holt and van Look, 2004). Procaine could be used as a 
quick sperm functional test for testing hyperactivation as its effect on sperm is immediate and 
does not last and therefore should not be used in mediation of in vitro fertilization in humans. 
Procaine does not seem to have an effect on fractions that may likely be impaired, such as 
fractions 2 and 3 which were the lower motile fractions when initially separated. The non-
response to procaine could be as a result of morphological impairment which might be linked 
to their low motility, defective ultrastructural elements such as the midpiece or the axonemal 
complex involved in sperm motility and hyperactivated motility. Conversely, procaine was 
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reported to induce hyperactivation in other species’ sperm such as bull and stallion without 
hyperactivation decline over time (Suarez, 2008; McPartlin et al., 2009), however, there was 
no documentation of its effect on artificially separated sperm. 
LIN, STR and VSL in procaine were lower than that of non-capacitating and capacitating 
medium (controls) in fraction 1 over time. The immediate significant decrease of these 
parameters suggests that hyperactivation induced by procaine is star-spin or non-progressive 
which is termed typical hyperactivation according to Mortimer and Mortimer (1990), 
however, the mean VCL was found to be below the cut off for hyperactivation. This may be 
as a result of the media used in preparing procaine or procaine does not induce complete 
hyperactivation with the cut off values for the three parameters (VCL, ALH and LIN) met 
and VCL has to be adapted to a lower value in procaine similar to caffeine. 
5.4 Effect of 5mM caffeine, 2mM procaine, non-capacitating medium and capacitating 
medium on the bottom sperm subpopulation 
Percentage hyperactivation, rapid swimming sperm and VCL in caffeine were the highest 
compared to procaine and remained constant over time whereas in procaine, they were within 
the same range as the capacitating medium at 15 minutes. Thereafter, the parameters in 
procaine gradually decreased over time. The immediate and sustenance response of sperm to 
caffeine suggests as in literature that caffeine has multiple hyperactivation pathways (Hong et 
al., 1985) and as opposed to induction of one pathway depending on caffeine concentration, 
both pathways might be activated concurrently hence the evidence in the highest stimulation 
compared to procaine and the controls. The immediate decrease of parameters when sperm is 
exposed to procaine may be as a result of negative feedback mechanism of sperm due to 
procaine resulting in inhibition of the motility pathway hence gradual decrease of percentage 
hyperactivated motility. Moreover, it may have detrimental effect on the sperm membrane i.e. 
 
 
 
 
146 
 
binding sites or channels or the actual hyperactivation pathway (procaine stimulates calcium 
influx by acting on the membrane and caffeine can activate calcium channels on the plasma 
membrane and act as a phosphodiesterase inhibitor). On the contrary, stallion spermatozoa 
were reported to be hyperactivated by procaine with no report of the percentage 
hyperactivation decline (Ortgies, 2010). It can thus be said that human sperm exposed to 
caffeine and procaine may have different potencies or hyperactivation pathways.  
VSL, VAP, LIN and STR in caffeine were higher than that in procaine over time. In 
comparing hyperactivation classes; lower VSL, LIN and STR is an indication of non-
progressive hyperactivation track as opposed to progressive hyperactivation which displays 
higher mean values (Baumber and Meyers, 2006). Aitken et al. (1983) and Immoedemhe et 
al. (1991) reported that caffeine has been used as a human sperm motility enhancer, not 
mentioning hyperactivation. On the other hand, procaine has been widely reported to induce 
hyperactivation in numerous species such as guinea pig and bovine (Ho and Suarez, 2001). 
Conversely, ALH in caffeine was significantly higher than that in procaine. Although both 
chemicals induce hyperactivation according to Mortimer and Mortimer criteria, their values 
are not within the same range and thus could be characterized differently. According to 
Meyers and Baumber (2006) and Mortimer and Mortimer (1990) hyperactivation induced by 
procaine resembles non-progressive hyperactivation or star-spin pattern whereas by caffeine, 
it resembles transitional or progressive hyperactivation. However the pattern by caffeine was 
constant through the duration of incubation thus in this case cannot be termed transitional 
hyperactivation but rather progressive hyperactivation. 
Clinically in in vitro fertilization, caffeine’s lasting stimulating effect and progressive 
hyperactivation attribute would be suitable as opposed to procaine which is star-spin or non-
progressive with a short stimulating effect and may be detrimental to the sperm. Nonetheless, 
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procaine may be used to study the characteristics of hyperactivated spermatozoa or as a short-
term sperm functional test for hyperactivation. 
5.5 The effect of 5mM caffeine, 2mM procaine, non-capacitating medium and 
capacitating medium on sperm in semen 
In the current study, all treatments increased percentage hyperactivation and decrease LIN, 
STR of spermatozoa in semen over time. Percentage hyperactivation reached a maximum at 
15 minutes thereafter a constant percentage was maintained. Caffeine induction of 
hyperactivation was higher than procaine and procaine was within the same range as the 
capacitating medium. Procaine had the lowest LIN and STR which continued to decrease 
over time. The reduction of these parameters suggested a star spin pattern of hyperactivation 
as was indicated by Mortimer and Swan (1995). Due to its lowest values of LIN and STR, 
sperm in procaine indicated that it covered short distances and in a non-linear fashion as 
compared to that in caffeine. Therefore we can refer to it as figure 8 pattern (star-spin), non-
progressive hyperactivation (Marquez and Suarez, 2004). It may accordingly be used as a 
sperm functional test in diagnosis or in research studies of the characteristics of 
hyperactivated human sperm. 
The gradual increase of rapid swimming sperm, VCL, ALH in both caffeine and procaine as 
opposed to immediate response as in subpopulations may be a result of the seminal plasma, 
debris and cells in semen that may have interfered with the effect of the chemicals on 
spermatozoa. The above mentioned semen constituents may produce decapacitation factors, 
reactive oxygen species or introduce pathogens (Morrell et al., 2009). Furthermore, the 
heterogeneous nature of semen might be masking the response in individual subpopulations 
within the single ejaculate (Maree and van der Horst, 2012). Clinically, the flush technique 
would be cheaper than the separation technique and a result obtained as quickly as 15-30 
 
 
 
 
148 
 
minutes compared to 60 or more minutes of the separation technique. However its limitation 
is that semen with low sperm concentration cannot be analysed and adjustment of 
concentration for analysis is not possible. Furthermore it would be used as a sperm functional 
test rather than used in the mediation of in vitro fertilization.  
The bottom subpopulation may be partly damaged during centrifugation. However, 
significant increase of reactive oxygen species has only been reported in pellets of non-
separated sperm from semen (Shekarriz et al., 1995). Therefore, both sperm in neat semen 
and subpopulations might be damaged; the former by reactive oxygen species and the later 
due to centrifugation hence the low response of sperm to procaine compared to caffeine. In 
order to prevent obstacles such as reactive oxygen species in in vitro fertilization sperm is 
separated from semen by various techniques such as swim up or centrifugation (Mortimer 
and Mortimer, 2013). The flush technique may have a limitation by being affected by 
constituents of the semen but on the other hand reflects more closely the interaction of sperm 
within the female reproductive tract by gradually swimming out of semen into media over 
time. 
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Chapter 6: Conclusion 
This study has confirmed that maximum hyperactivation in human sperm is achieved by 
5mM caffeine. Moreover, fraction 1 (most motile fraction) does not need exposure to caffeine 
as both control and caffeine induce hyperactivation within the same range. Caffeine does 
however stimulate hyperactivation in fractions 2 and 3 (lower motile fractions) and therefore 
it would be beneficial to use caffeine in asthenozoospermic patients during in vitro 
fertilization. Furthermore, procaine has been found to have a less stimulating effect on 
fraction 1 and was in the same range as the non-capacitating and non-capacitating medium 
for most parameters in fractions 2 and 3.  It would not be a good indicator for hyperactive 
sperm clinically. Although sperm exposed to both caffeine and procaine stimulate 
hyperactivation, the hyperactivation patterns differ. Caffeine has been identified to induce 
progressive hyperactivation whereas procaine induced star-pattern, non-progressive 
hyperactivation. Caffeine would thus be a suitable mediator in in vitro hyperactivation whilst 
procaine would be suitable in the studying the characteristics of star-spin, non-progressive 
hyperactivation.  
Fractions 2 and 3 responded similar to treatments and their parameters were mostly within the 
same range. This suggests that there might not be a third fraction in a single sperm 
population. Moreover the PureSperm density gradient centrifugation might need to be 
adjusted to precisely separate the three subpopulations within a sperm population. 
In comparing results of the flush and density gradient separation technique, the flush 
techniques allows for more stimulation of spermatozoa hence that is evident in percentage 
hyperactivation, rapid swimming sperm and the swimming speed classes. Therefore, the flush 
technique would reflect a clearer response of sperm to treatment than the centrifugation 
technique. This could be because of less handling, force (centrifugation) applied on 
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spermatozoa and total separation from other constituents of semen as sperm swim into the 
media. The flush technique could make an ideal sperm functional test in diagnosis of males 
with compromised sperm motility, especially hyperctived motiliy. 
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Table 1  The mean percentage hyperactivation ,swimming speed classes (rapid, medium, slow) and kinematic parameters as a result of the effect 
of caffeine concentrations 2mM, 5mM and 10mM on human  sperm subpopulations  (interactions: fractions and treatment, fractions and time, 
treatment and time) 
Factors Hyp Hyp Rapid Rapid Med Med Slow Slow VCL VCL VSL VSL 
 
Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
B*Cap 14.12
c
 1.74 57.03
ab
 2.71 23.01
eg
 1.50 19.96
gh
 1.57 104.24
ab
 3.21 42.93
ab
 1.53 
B*Caf 2mM 14.14
c
 1.27 59.40213
a
 2.49 20.48
g
 1.19 20.11
gh
 1.87 105.57
ab
 2.75 44.59
a
 1.36 
B*Caf 5mM 18.20
ab
 1.86 61.95417
a
 2.83 20.15
g
 1.44 17.89
gh
 1.77 109.57
a
 3.28 43.02
a
 1.26 
B*Caf 10mM 20.72
a
 2.12 62.46596
a
 2.98 20.84
gf
 1.57 16.69
h
 1.60 111
a
 3.26 39.65
b
 1.18 
M*Cap 5.71
fg
 1.11 30.18
ef
 2.51 31.82
ab
 1.08 38.00
cb
 2.13 80.08
fg
 2.45 32.59
c
 1.29 
M*Caf 2mM 6.37
fgd
 0.95 34.49
ef
 2.25 30.54
abc
 1.11 34.96
cd
 1.98 82.96
fe
 2.32 33.18
c
 0.98 
M*Caf 5mM 10.44
ce
 1.18 44.02
cd
 2.33 26.88
ec
 1.17 29.1
ef
 1.84 91.50
cd
 2.29 33.99
c
 0.92 
M*Caf 10mM 13.71
cb
 1.35 50.29
cb
 2.73 25.45
edf
 1.32 24.26
gf
 1.78 97.73
cb
 2.62 33.32
c
 1.08 
T*Cap 3.07
g
 0.60 22.94
g
 1.99 33.4
a
 1.29 43.63261
a
 2.23 73.20
g
 2.15 29.46
c
 1.67 
T*Caf 2mM 6.3
fge
 1.36 30.12
f
 2.10 30.28
abcd
 1.61 39.61
ab
 2.12 78.35
fg
 2.15 30.66
c
 1.12 
T*Caf 5mM 7.54
fde
 0.75 38.69
ed
 2.10 26.50
ebf
 1.20 34.81
cbd
 2.22 84.17
fd
 2.03 31.84
c
 0.96 
T*Caf 10mM 11.16
cd
 1.23 43.63
cd
 2.34 26.99
eb
 1.16 29.38
ed
 1.90 91.30
ce
 2.25 30.17
c
 0.89 
     
  
 
  
 
  
 
  
 B*15m 11.24
def
 1.25 55.33
c
 2.93 23.33
dce
 1.42 21.35
f
 2.10 99.83
c
 2.85 38.92
cd
 1.42 
B*30m 15.87
cb
 1.78 58.14
cb
 3.08 21.05
fe
 1.38 20.81
f
 2.18 104.46
b
 3.31 40.57
cb
 1.36 
B*60m 18.56
ab
 2.22 63.28
a
 2.73 19.03
f
 1.26 17.69
f
 1.77 111.04
a
 3.52 43.27
ab
 1.34 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm (%), Slow= 
percentage slow swimming sperm(%) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle 
subpopulation (Fraction 2), T=Top subpopulation (Fraction 3), m=minutes 
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Table 1 continues 
Factors Hyp Hyp Rapid Rapid Med Med Slow Slow VCL VCL VSL VSL 
 Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
B*90m 18.96
a
 2.22 60.85
ab
 3.35 22.09
df
 1.82 17.05
f
 1.71 110.04
a
 3.82 43.93
a
 1.66 
B*120m 19.87
ab
 2.31 64.13
ab
 3.22 19.88
fe
 2.06 16.00
f
 1.58 113.55
a
 3.70 46.52
a
 1.52 
M*15 m 6.9
hi
 1.10 35.43
f
 2.73 30.19744
a
 0.91 34.37
bcd
 2.37 84.00
fg
 2.62 32.85
ef
 1.12 
M*30 m 8.26
dh
 1.35 38.41
fe
 3.18 27.13947
abc
 1.18 34.45
bc
 2.60 86.21
fe
 2.94 32.56
f
 1.27 
M*60 m 7.85
hf
 1.15 39.12
df
 2.68 30.62
a
 1.50 30.25
ed
 1.89 87.54
df
 2.49 32.64
ef
 1.01 
M*90 m 10.72
deg
 1.55 41.54
de
 3.05 29.4125
ab
 1.49 29.04
e
 2.21 90.04
de
 3.03 33.26
ef
 1.12 
M*120 m 12.03
ceg
 1.66 45.21
d
 3.35 25.23
db
 1.53 29.56
ec
 2.44 93.42
d
 3.47 35.51
ed
 1.48 
T*15 m 5.06
h
 0.81 29.56
g
 2.36 29.01
ab
 1.31 41.43
a
 2.23 77.69
g
 2.13 29.84
f
 1.30 
T*30 m 6.95
dhe
 1.15 32.68
fg
 2.56 30.20
abc
 1.49 37.12
b
 2.21 80.66
fg
 2.29 29.88
f
 1.00 
T*60 m 6.95
hg
 1.21 35.38
fe
 3.06 29.68
ab
 1.58 34.94
bc
 2.82 84.07
fe
 2.94 31.33
ef
 1.53 
T*90 m 8.32
defgi
 1.52 36.56
fe
 2.60 28.90
ab
 1.73 34.54
bcd
 2.47 84.00
fe
 2.70 31
ef
 1.35 
T*120 m 8.24
dhe
 1.41 36.24
f
 2.85 28.27
ab
 1.60 35.50
b
 2.71 83.30
fg
 2.96 30.68
f
 1.41 
     
  
 
  
 
  
   
     
  
 
  
 
  
   Cap*15 m 5.28d
efghi
 1.11 33.6
j
 3.63 29.72
ab
 1.67 36.68
ab
 2.88 81.09
k
 3.38 33.42
gef
 1.97 
Cap*30 m 7.85dbe 1.83 34.16
ij
 3.96 29.68
ab
 1.58 36.17
abc
 2.99 83.83
ik
 3.87 33.56
gcd
 1.73 
Cap*60 m 7.52ab 1.78 39.45i
g
 4.37 28.27
abd
 1.86 32.28
abcde
 3.39 88.70
ihj
 4.36 35.96
ag
 2.41 
Cap*90 m 8.67
a
 2.11 35.89
ijh
 4.13 31.31
a
 1.80 32.80
abcde
 3.15 85.63
ihj
 4.42 33.85
gcd
 2.17 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= 
percentage slow swimming sperm(%) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle 
subpopulation (Fraction 2), T=Top subpopulation (Fraction 3), m=minutes 
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Table 1 continues 
 
VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
Factor Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
B*Cap 61.03
a
 1.64 2.69
a
 0.09 42.28
a
 1.20 69.03
ab
 1.36 58.75
db
 0.60 18.13
ab
 0.32 
B*Caf 2mM 61.98
a
 1.47 2.68
a
 0.07 42.26
a
 0.68 71.61
a
 0.87 58.95
db
 0.45 19.02
a
 0.20 
B*Caf 5mM 62.58
a
 1.48 2.74
a
 0.08 39.94
ab
 0.99 68.82
ac
 1.17 57.78
de
 0.64 18.18
ab
 0.25 
B*Caf 10mM 61.00
a
 1.48 2.7
a
 0.07 36.43
ec
 0.97 65.43
dbc
 1.38 55.44f 0.50 18.12
ab
 0.20 
M*Cap 48.97
efd
 1.29 2.26
bc
 0.08 40.82
ab
 1.22 65.75
dbc
 1.18 61.67
a
 0.86 17.18
cb
 0.50 
M*Caf 2mM 49.97
efc
 1.11 2.208
c
 0.09 40.38
abc
 1.04 66.09
dbc
 1.07 60.77
ab
 0.76 16.39
cb
 0.40 
M*Caf 5mM 52.82
bc
 1.03 2.39
bc
 0.07 37.67
eb
 1.02 64.32
dfb
 1.25 58.25
dc
      0.70 17.31
cb
 0.32 
M*Caf 10mM 54.54
b
 1.15 2.42
bc
 0.08 34.77
ed
 1.20 61.31
fe
 1.61 56.34f 0.69 16.72
cb
 0.34 
T*Cap 45.13
f
 1.44 1.87
d
 0.10 39.54
abc
 1.56 63.46
df
 1.77 61.67
a
 0.92 14.53
e
 0.65 
T*Caf 2mM 46.72
ef
 1.11 2.01
d
 0.09 39.45
abc
 1.27 65.07
dbce
 1.28 60.14
abc
 0.94 15.46
ed
 0.56 
T*Caf 5mM 49.42
ec
 1.12 2.22
bc
 0.08 38.09
abcd
 0.98 64.30
dbe
 1.16 58.94
db
 0.63 16.36
cd
 0.48 
T*Caf 10mM 50.45
bcd
 0.97 2.25
bc
 0.08 33.83
e
 1.28 59.94
f
 1.47 55.83
fe
 0.88 15.3
ed
 0.49 
B*15m 57.54
cd
 1.53 2.51
c
 0.06 39.04
b
 0.86 67.36
cbde
 1.18 57.83
dc
 0.44 18.39
a
 0.28 
B*30m 59.88
cb
 1.53 2.61
cb
 0.07 39.47
ab
 1.09 67.89
cb
 1.41 57.88
dc
 0.65 18.45
a
 0.27 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= 
percentage slow swimming sperm(%) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle 
subpopulation (Fraction 2), T=Top subpopulation (Fraction 3), m=minutes 
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Table 1 continues 
 
 
VAP 
 
VAP 
 
ALH 
 
ALH 
 
LIN 
 
LIN 
 
STR 
 
STR 
 
WOB 
 
WOB 
 
BCF 
 
BCF 
Factor Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
B*60m 63.22
a
 1.61 2.76
ab
 0.09 40.84
ab
 1.55 67.58
cbd
 1.68 57.29
d
 0.77 18.16
abcd
 0.30 
B*90m 62.86
ab
 1.83 2.77
ab
 0.10 40.28
ab
 0.99 69.69
ab
 1.21 57.64
dc
 0.68 18.38
ab
 0.22 
B*120m 65.21
a
 1.69 2.89
a
 0.10 41.55
a
 1.15 71.37
a
 1.35 57.97
abd
 0.73 18.44
abc
 0.34 
M*15 m 50.27
hf
 1.20 2.21
e
 0.07 39.79
ab
 1.36 65.2
cf
 1.46 60.51
ab
 0.90 17.01
eb
 0.38 
M*30 m 50.87
eh
 1.38 2.23
de
 0.09 38.24
b
 1.27 63.72
f
 1.59 59.63
abd
 0.79 17.05
ecf
 0.46 
M*60 m 51.09
efg
 1.05 2.23
d
 0.09 37.91
b
 1.20 63.80
fe
 1.38 59.00
abd
 0.86 16.76
ef
 0.50 
M*90 m 52.29
ef
 1.42 2.41
c
 0.09 37.49
b
 1.13 63.57
f
 1.32 58.685
abd
 0.84 16.92
edf
 0.48 
M*120 m 53.72
ed
 1.57 2.55
c
 0.11 38.76
ab
 1.63 65.93
cfb
 1.65 58.31563
abd
 1.17 16.75
ef
 0.37 
T*15 m 46.63
h
 1.16 2.02
e
 0.10 38.87
ab
 1.57 63.55
f
 1.83 60.48
a
 0.92 15.15
hg
 0.63 
T*30 m 47.14
hg
 1.12 2.06
de
 0.09 37.59
b
 1.29 63.29
f
 1.45 58.90
abd
 0.88 15.69
hf
 0.52 
T*60 m 49.01
eh
 1.44 2.18
d
 0.08 37.56
b
 1.53 63.13
f
 1.75 58.92
abd
 1.00 16.06
efg
 0.52 
T*90 m 48.61
hf
 1.48 2.04
de
 0.11 36.99
b
 1.28 63.17
f
 1.47 58.19
bd
 0.94 14.63
h
 0.73 
T*120 m 48.54
hf
 1.47 2.13
de
 0.11 37.36
ab
 1.71 62.67f
d
 1.62 58.97
abc
 1.29 15.64
eh
 0.66 
             
Cap*15 m 49.66
i
 1.94 2.18
ge
 0.11 41.00
abc
 1.56 66.20
abf
 1.85 61.56
ab
 0.88 16.41
ac
 0.68 
Cap*30 m 50.34
hif
 1.98 2.21
gc
 0.12 40.20
ae
 1.31 66.13 1.63 60.57
ac
 0.77 16.96
ac
 0.66 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 1 continues 
 
 
VAP 
 
VAP 
 
ALH 
 
ALH 
 
LIN 
 
LIN 
 
STR 
 
STR 
 
WOB 
 
WOB 
 
BCF 
 
BCF 
Factor Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
Cap*60 m 52.96
hde
 2.42 2.33
bg
 0.13 41.62
abc
 2.10 64.8
bf
 2.32 59.83
cb
 1.03 16.39
ac
 0.71 
Cap*90 m 50.86
hifg
 2.35 2.31
bg
 0.15 39.07
eb
 1.31 65.22a
bf
 1.61 59.79
cb
 1.05 16.71
ac
 0.91 
Cap*120 m 54.94
abcdeg
 2.75 2.34
bg
 0.16 42.67
a
 2.32 68.24
ac
 2.22 61.9
a
 1.63 16.54
ac
 0.59 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 1 The mean percentage hyperactivation ,swimming speed classes (rapid, medium, slow) and kinematic parameters as a result of the effect 
of caffeine concentrations 2mM, 5mM and 10mM on human  sperm subpopulations  (third order effects) 
 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
 Hyp Hyp Rapid Rapid Med Med Slow Slow VCL VCL VSL VSL 
Factor Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
Caf 2mM*15 m 6.26
je
 1.14 36.9
ij
 3.86 26.98
af
 1.54 36.11
a
 3.45 84.57
kj
 3.55 34.64
gbe
 1.72 
Caf 2mM*30 m 8.90
defgh
 1.57 42.30
fegh
 3.77 25.01
fd
 1.76 32.69655
abcd
 2.98 88.54
ihj
 3.51 35.56
ag
 1.63 
Caf 2mM*60 m 7.87
dcefg
 1.54 39.88
fi
 3.56 30.15
ac
 1.88 29.98
gdh
 2.34 88.43
ih
 3.63 37.24
ad
 1.53 
Caf 2mM*90 m 11.6
db
f 2.28 43.39
feg
 4.09 28.12
abde
 2.36 28.48
geh
 3.17 91.93
feh
 4.28 37.09
abce
 2.29 
Caf 2mM*120 m 9.86
abc
 1.54 44.06
fbgh
 3.76 25.10
fb
 1.74 30.84
gb
 2.92 91.10
fig
 4.19 35.97
ag
 2.18 
Caf 5mM*15 m 8.72jk 1.25 43.30
fdg
 3.54 26.06
fbc
 1.43 30.63
gc
 2.85 89.56
fi
 3.22 33.96
gbcd
 1.29 
Caf 5mM*30 m 11.20j
kf
 1.73 45.38
fcg
 3.70 25.59
fbc
 1.47 29.04
gdi
 2.94 92.17
fgh
 3.70 35.54
gbcd
 1.59 
Caf 5mM*60 m 12.06
jkh
 2.09 48.90
abcde
 3.71 23.58
fe
 1.87 27.51
gdhj
 3.17 95.86
bcdeg
 4.12 35.23
ag
 1.67 
Caf 5mM*90 m 12.68d
cefg
 1.89 50.55
ab
 3.43 25.56
fbc
 1.82 23.9
kh
 2.21 98.06
abcd
 3.76 38.49
ac
 1.56 
Caf 5mM*120 m 15.69
defg
 2.34 52.81
ac
 3.69 21.68
f
 1.99 25.51
gkd
 2.88 99.50
abcde
 4.40 38.07
a
 1.93 
Caf 10mM*15 m 10.58k 1.53 46.22
fbc
 3.42 27.33
abde
 1.37 26.47
gfhj
 2.47 93.14
fdh
 3.12 33.32
ge
 1.50 
Caf 10mM*30 m 13.48
jkg
 2.05 50.29
abcd
 4.00 24.33
fd
 1.90 25.37
gk
 2.83 97.21
fc
 3.95 32.8
g
 1.64 
Caf10mM*60 m 16.33
jki
 2.33 54.04
a
 3.74 24.40
fd
 1.92 21.55
k
 2.21 102.53
a
 3.82 34.27
gbcd
 1.52 
Caf 10mM* 90 m 17.33
jg
 2.32 54.37
a
 3.43 22.63
f
 1.77 23khi 2.41 102.11
abc
 3.92 34.27586
gbcd
 1.37 
Caf 10mM*120 m 18.45
jkg
 2.53 55.61
a
 4.14 23.48
f
 2.05 20.91kj 2.41 105.16
ab
 4.17 37.4
abcf
 1.64 
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Table 1 continues 
 
 
Hyp 
Hyp Rapid Rapid Med Med Slow Slow VCL VCL VSL VSL 
Factors Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
B*Cap*15 9.32
plupq
 2.45 52.87
iehj
 6 23.93
iyj
 3.11 23.21
oyp
 3.35 97.27
kilmn
 6.12 39.54
hejkl
 3.48 
B*Cap*30 14.38
gfhikmn
 3.5 53.09
idhj
 6.03 22.68
ymp
 2.18 24.24
vp
 4.22 101.26
mko
 6.66 39.42
hdijk
 2.91 
B*Cap*60 15.02
oq
 4.09 64.69
abcd
 5.05 18.69
yv
 2.41 16.62
v
 2.94 110.13
abcd
 7.13 45.93
abcd
 3.04 
B*Cap*90 16.34
gc
 5.02 53.62
ichj
 7.23 26.46
ifmnopq
 3.73 19.92
vrs
 4.02 102.88
abcdeef
 8.81 41.93
abcdef
 3.74 
B*Cap*120 16.33
gehijklmno
 4.66 61.86
abcd
 5.96 23.25
styw
 5.27 14.90
vs
 2.08 111.24
abcdef
 7.76 48.89
ab
 3.45 
B*Caf 2mM*15 10.93
thju
 2.19 56.65
abc
 4.75 20.92
yqr
 2.24 22.43
vrs
 4.84 100.11
kmn
 5.22 41.42
hbci
 2.65 
B*Caf2mM*30 12.82
ghikmnopqs
 2.36 58.61
d
 5.27 19.53
q
 2.18 21.86
vre
 5 102.73
m
 5.82 43.42
abcde
 2.84 
B*Caf 2mM*60 15.22
gehijk
 3.12 59.94
bcd
 5.31 21.33
yn
 2.55 18.73
vs
 3.62 107.22
abcdef
 6.3 43.79
a
 2.88 
B*Caf 2mM*90 15.93
gci
 3.72 61.42
abc
 7.54 21.15
p
 3.74 17.42
vs
 4.21 109.84
abde
 7.79 47.73
ac
 3.92 
B*Caf 2mM*120 16.35
gchij
 2.75 60.70
abcd
 5.26 19.33
yv
 2.72 19.96
vt
 3.04 108.75
abcde
 5.78 46.98
heijln
 2.72 
B*Caf 5mM*15 12.24
gfhijklmn
 2.64 56.00
abcd
 6.86 22.74
t
 2.75 21.26
vrs
 4.88 100.23
kmn
 6.24 37.30
hb
 2.6 
B*Caf 5mM*30 17.36
gb
 3.54 59.00
bdd
 7.03 20.89
yj
 2.96 20.11
vr
 4.84 105.26
m
 7.43 41.65
abcde
 2.66 
B*Caf 5mM*60 20.54
abc
 4.9 63.90
abc
 6.04 17.80
dem
 2.72 18.30
vu
 4.24 112.36
ac
 7.9 42.41
abcd
 2.34 
B*Caf 5mM*90 19.3
abcde
 4.24 64.26
ab
 5.42 20.13
yp
 3.18 15.62
vu
 2.59 113.11
a
 6.86 46.14
abcd
 2.52 
 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 1 continues 
 
Hyp 
Hyp Hyp Rapid Rapid Med Med Slow Slow VCL VCL VSL VSL 
Mean Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
 
  
B*Caf 5mM*120 21.29
abcd
 5.17 66.47
ab
 7.05 19.38
x
 4.73 14.16
vu
 3.01 116.64
a
 8.35 47.51
klm
 3.35 
B*Caf10mM*15 12.7
thju
 3.04 55.93
abcd
 6.82 25.91
iy
 3.45 18.20
vu
 4.1 101.94
ab
 6.09 37.08
mpq
 2.67 
B*Caf10mM*30 18.79
abcdef
 4.64 61.36
abcd
 6.82 21.25
u
 3.65 17.39
gc
 3.62 108.27
z
 7.3 37.66
hcj
 2.55 
B*Caf 10mM*60 22.78
thju
 5.18 64.41
a
 5.98 18.48
abcd
 2.63 17.10
abcde
 3.66 113.97
zwx
 7.5 41.27
heikl
 2.71 
B*Caf10mM*90 24.59
a
 5.02 63.66
bde
 7.03 20.97
abcdfhg
 4.21 15.38
gchiij
 2.94 114.00
zxy
 7.9 39.26
abcde
 2.59 
B*Caf10mM*120 24.71
a
 5.24 66.88
abcd
 7.71 17.83
abc
 3.78 15.28
gchij
 4.12 116.79
zvx
 8.09 43.02
rumn
 2.69 
M*Cap*15 3.26
wy
 1.32 27.25
y
 3.64 33.27
mnop
 0.93 39.49
gdhjklm
 3.66 76.25
wy
 3.63 32.24
n
 1.98 
M*Cap*30 6.1 3.14 28.93 5.54 30.16 2.07 40.93 4.91 80.54
zx
 5.1 32.72
runo
 2.32 
M*Cap*60 4.39
tu
 1.37 29.22
xy
 4.61 33.42
bm
 2.07 37.36
gehikl
 4.47 78.91
wy
 3.92 30.22
rul
 2.02 
M*Cap*90 6.77
tq
 2.65 29.98
xv
 5.85 32.55
p
 3.05 37.48
gof
 4.9 79.38
z
 5.84 31.16
njs
 2.68 
M*Cap*120 9.01
q
 4.09 37.66
xw
 9.89 28.59
fghijk
 3.9 33.73
p
 7.32 87.64
zwx
 10.23 38.40
rjst
 5.69 
M*Caf 2mM*15 4.12
wxy
 1.26 29.11
xqy
 5.48 31.53
abc
 1.33 39.34
kqr
 5.89 77.86
zxy
 5.09 30.34
ru
 2.46 
M*Caf 2mM*30 5.92
s
 1.71 33.10
xv
 4.97 28.45
abcdf
 2.84 38.44
oiq
 4.11 80.56
zvx
 4.77 32.26
rul
 1.95 
M*Caf 2mM*60 4.79
u
 1.1 34.20
stuyx
 3.67 31.72
lcmno
 2.9 34.11
omqst
 3.16 81.68
wy
 3.93 35.44
k
 1.35 
M*Caf 2mM*90 9.82
tkvi
 3.36 35.94
xqyz
 5.65 33.56
demnop
 2.18 30.46
qrs
 4.6 86.60
zx
 6.11 32.96
njs
 2.86 
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Table 1 continues 
 
Hyp 
Hyp Hyp Rapid Rapid Med Med Slow Slow VCL VCL VSL VSL 
Mean Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
M*Caf 2mM*120 7.03
q
 2.14 40.14
pmqstw
 5.68 27.20
a
 2.59 32.66
p
 4.5 88.13
vx
 6.23 34.78
rjst
 2.19 
M*Caf5mM*15 7.96
toq
 2.13 38.03
pqstv
 5.54 28.75
pmb
 2.1 33.23
q
 5.07 86.61
z
 5.41 33.56
n
 2.03 
M*Caf 5mM*30 8.91
tkuvx
 2.96 41.74
plmnqrst
 6.09 26.42
hg
 1.32 31.84
ovp
 5.49 88.25
soqt
 5.93 33.32
no
 2.9 
M*Caf 5mM*60 9.23
kuv
 1.88 44.49
pjqrs
 4.62 30.36
idem
 2.87 25.13
omqst
 2.59 92.57
qtw
 4.55 32.91
rul
 2.3 
M*Caf 5mM*90 8.99
ut
 2.05 45.77
ijlmor
 5.03 27.51
depq
 3.48 26.73
qrs
 3.14 92.87
sqtuw
 4.38 35.37
k
 1.24 
M*Caf 5mM*120 17.88
abcdefagh
 3.23 50.74
ighjh
 4.71 20.76
yn
 2.1 28.51
p
 3.75 97.80
sopq
 5.54 34.89
ut
 1.65 
M*Caf10mM*15 11.98
gijklm
 2.65 46.72
phj
 5.3 27.37
pmbn
 2.14 25.91
p
 3.43 94.66
slut
 5.13 35.00
ru
 2.53 
M*Caf 10mM*30 12.27
nopq
 2.78 50.08
ighl
 7.51 23.47
igmspq
 2.78 26.47
ovp
 5.74 95.91
slt
 7.08 31.89
rumno
 3.24 
M*Caf 10mM*60 12.99
gehijklmno
 3.29 48.56
ighj
 6.49 27.00
yn
 3.94 24.42
ab
 3.37 97.00
khlmnr
 5.61 32.00
ru
 2.21 
M*Caf10mM*90 17.3
abcde
 3.49 54.47
ibcj
 5.58 24.03
iyo
 2.39 21.49
abcd
 3.82 101.31
ksij
 6.3 33.54
ru
 2 
M*Caf 10mM*120 13.96
gdhijkmnop
 2.74 52.14
ifhil
 6.7 25.10
mnopq
 3.76 22.77
abcd
 3.94 100.36
ksj
 6.05 34.34
ut
 2.2 
T*Cap*15 3.27
z
 1.18 20.68 3.7 31.96
abcd
 3.29 47.34
abcd
 4.66 69.74
ksj
 3.73 28.48
ru
 3.79 
T*Cap*30 3.03
x
 1.38 20.47 3.8 36.20
ab
 1.99 43.34
a
 4.28 69.69
kqlmp
 3.37 28.54
rumno
 2.8 
T*Cap*60 3.49
vxy
 1.93 25.59 5.51 32.12
abcdf
 2.86 42.31
abcd
 6.32 78.16
kelm
 6.7 32.36
ru
 5.3 
T*Cap*90 3.12
vx
 1.1 24.73 4.93 34.80
abc
 1.92 40.47
abcd
 5.19 75.32
kelm
 5.38 28.68
ru
 3.75 
T*Cap*120 2.42
z
 1.24 23.5 5.02 32.19
abcdf
 4.08 44.29
abcdef
 5.26 73.47 4.86 29.37
ruq
 3.33 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 1 continues 
 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
  
 
Hyp 
Hyp Hyp Rapid Rapid Med Med Slow Slow VCL VCL VSL VSL 
Factor Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
T*Cap*120 2.42
z
 1.24 23.5 5.02 32.19
abcdf
 4.08 44.29
abcdef
 5.26 73.47 4.86 29.37
ruq
 3.33 
T*Caf 2mM*15 3.22
x
 1.13 22.74 3.39 29.18
kmno
 2.94 48.09
abc
 3.95 74.03 4.42 31.41
ru
 2.49 
T*Caf 2mM*30 7.87
t
 3.68 34.39
xtuyz
 6.18 27.28
dmnop
 3.54 38.36
a
 4.78 81.63
zw
 5.01 30.49
rlst
 1.35 
T*Caf2mM*60 4.35
vwx
 2.14 27.50
z
 4.17 36.53
a
 2.39 35.97
gb
 3.2 78.26
z
 4.43 33.16
ruqu
 2.5 
T*Caf 2mM* 90 9.05
tmu
 4.7 32.80
xtuyz
 4.22 29.65
pmb
 5.1 37.56
gdhij
 5.9 79.35 4.76 30.59
u
 47.32
zs
 
T*Caf2mM*120 6.92
tpr
 2.03 33.19
pxo
 5.15 28.12
hg
 3.08 38.70
gchi
 5.33 78.39 6.17 27.38
rup
 3.1 
T*Caf 5mM*15 6.32
tp
 1.43 37.15
plmn
 4.6 26.36
idem
 2.47 36.47
b
 3.93 82.92
zw
 3.95 31.35
ruo
 1.9 
T*Caf 5mM*30 7.34
o
 1.07 35.40
plqr
 3.6 29.45
dempqr
 2.5 35.16
gd
 4.04 83.01
z
 3.48 31.66
uq
 1.56 
T*Caf 5mM*60 6.42
t
 1.53 38.30
plqrst
 5.94 22.59
yn
 3.06 39.10
gdhji
 6.88 82.64
zw
 5.47 30.38
rkst
 2.71 
T*Caf5mM*90 9.74
tjuw
 2.25 41.62
y
 5.15 29.04
pmbn
 2.15 29.35
gbm
 4.34 88.22
zw
 5.59 33.97
rumo
 2.39 
T*Caf 5mM*120 7.91
to
 2.03 41.23
y
 4.51 24.91
igms
 3.11 33.88
ojq
 5.62 84.07
z
 4.6 31.82
rkst
 2.22 
T*Caf 10mM*15 7.27
to
 2.21 36.98
pnqrst
 4.64 28.56
icmop
 1.58 34.49
gdhijl
 3.95 83.70
zt
 3.74 28.27
ut
 1.94 
T*Caf 10mM*30 9.26
tjuwy
 2.24 39.40
ifhjm
 5.1 28.20
dempr
 3.18 32.38
hij
 4.48 87.32
zwx
 4.79 28.76
us
 2.19 
T*Caf 10mM*60 13.21
gdhijkl
 2.82 49.15
pjk
 6.26 27.71
mnop
 2.74 23.12
klm
 4.34 96.63
ntuvx
 5.64 29.54
ru
 1.29 
T*Caf 10mM*90 10.84
gc
 2.51 45.92
pjkq
 4.37 22.72
ym
 2.79 31.37
pv
 4.12 92.22
zwx
 4.87 30.53
ruqu
 1.88 
T*Caf10mM*120 m 15.69
j
 3.7 47.04
pjkq
 5.56 27.88
bmg
 2.39 25.10
omqrst
 3.98 97.27
zt
 5.6 34.16
rk
 2.47 
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Table 1 continues 
 
VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
Factor Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
B*Cap 61.03
a
 1.64 2.69
a
 0.09 42.28
a
 1.20 69.03
ab
 1.36 58.75
db
 0.60 18.13
ab
 0.32 
B*Caf 2mM 61.98
a
 1.47 2.68
a
 0.07 42.26
a
 0.68 71.61
a
 0.87 58.95
db
 0.45 19.02
a
 0.20 
B*Caf 5mM 62.58
a
 1.48 2.74
a
 0.08 39.94
ab
 0.99 68.82
ac
 1.17 57.78
de
 0.64 18.18
ab
 0.25 
B*Caf 10mM 61.00
a
 1.48 2.7
a
 0.07 36.43
ec
 0.97 65.43
dbc
 1.38 55.44f 0.50 18.12
ab
 0.20 
M*Cap 48.97
efd
 1.29 2.26
bc
 0.08 40.82
ab
 1.22 65.75
dbc
 1.18 61.67
a
 0.86 17.18
cb
 0.50 
M*Caf 2mM 49.97
efc
 1.11 2.208
c
 0.09 40.38
abc
 1.04 66.09
dbc
 1.07 60.77
ab
 0.76 16.39
cb
 0.40 
M*Caf 5mM 52.82
bc
 1.03 2.39
bc
 0.07 37.67
eb
 1.02 64.32
dfb
 1.25 58.25
dc
      0.70 17.31
cb
 0.32 
M*Caf 10mM 54.54
b
 1.15 2.42
bc
 0.08 34.77
ed
 1.20 61.31
fe
 1.61 56.34f 0.69 16.72
cb
 0.34 
T*Cap 45.13
f
 1.44 1.87
d
 0.10 39.54
abc
 1.56 63.46
df
 1.77 61.67
a
 0.92 14.53
e
 0.65 
T*Caf 2mM 46.72
ef
 1.11 2.01
d
 0.09 39.45
abc
 1.27 65.07
dbce
 1.28 60.14
abc
 0.94 15.46
ed
 0.56 
T*Caf 5mM 49.42
ec
 1.12 2.22
bc
 0.08 38.09
abcd
 0.98 64.30
dbe
 1.16 58.94
db
 0.63 16.36
cd
 0.48 
T*Caf 10mM 50.45
bcd
 0.97 2.25
bc
 0.08 33.83
e
 1.28 59.94
f
 1.47 55.83
fe
 0.88 15.3
ed
 0.49 
 
  
 
  
 
  
       B*15m 57.54
cd
 1.53 2.51
c
 0.06 39.04
b
 0.86 67.36
cbde
 1.18 57.83
dc
 0.44 18.39
a
 0.28 
B*30m 59.88
cb
 1.53 2.61
cb
 0.07 39.47
ab
 1.09 67.89
cb
 1.41 57.88
dc
 0.65 18.45
a
 0.27 
B*60m 63.22
a
 1.61 2.76
ab
 0.09 40.84
ab
 1.55 67.58
cbd
 1.68 57.29
d
 0.77 18.16
abcd
 0.30 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 1 continues 
 VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
Factor Mean Std.Er
r 
Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
B*90m 62.86
ab
 1.83 2.77
ab
 0.10 40.28
ab
 0.99 69.69
ab
 1.21 57.64
dc
 0.68 18.38
ab
 0.22 
B*120m 65.21
a
 1.69 2.89
a
 0.10 41.55
a
 1.15 71.37
a
 1.35 57.97
abd
 0.73 18.44
abc
 0.34 
M*15 m 50.27
hf
 1.20 2.21
e
 0.07 39.79
ab
 1.36 65.2
cf
 1.46 60.51
ab
 0.90 17.01
eb
 0.38 
M*30 m 50.87
eh
 1.38 2.23
de
 0.09 38.24
b
 1.27 63.72
f
 1.59 59.63
abd
 0.79 17.05
ecf
 0.46 
M*60 m 51.09
efg
 1.05 2.23
d
 0.09 37.91
b
 1.20 63.80
fe
 1.38 59.00
abd
 0.86 16.76
ef
 0.50 
M*90 m 52.29
ef
 1.42 2.41
c
 0.09 37.49
b
 1.13 63.57
f
 1.32 58.685
abd
 0.84 16.92
edf
 0.48 
M*120 m 53.72
ed
 1.57 2.55
c
 0.11 38.76
ab
 1.63 65.93
cfb
 1.65 58.31563
abd
 1.17 16.75
ef
 0.37 
T*15 m 46.63
h
 1.16 2.02
e
 0.10 38.87
ab
 1.57 63.55
f
 1.83 60.48
a
 0.92 15.15
hg
 0.63 
T*30 m 47.14
hg
 1.12 2.06
de
 0.09 37.59
b
 1.29 63.29
f
 1.45 58.90
abd
 0.88 15.69
hf
 0.52 
T*60 m 49.01
eh
 1.44 2.18
d
 0.08 37.56
b
 1.53 63.13
f
 1.75 58.92
abd
 1.00 16.06
efg
 0.52 
T*90 m 48.61
hf
 1.48 2.04
de
 0.11 36.99
b
 1.28 63.17
f
 1.47 58.19
bd
 0.94 14.63
h
 0.73 
T*120 m 48.54
hf
 1.47 2.13
de
 0.11 37.36
ab
 1.71 62.67f
d
 1.62 58.97
abc
 1.29 15.64
eh
 0.66 
     
  
       Cap*15 m 49.66
i
 1.94 2.18
ge
 0.11 41.00
abc
 1.56 66.20
abf
 1.85 61.56
ab
 0.88 16.41
ac
 0.68 
Cap*30 m 50.34
hif
 1.98 2.21
gc
 0.12 40.20
ae
 1.31 66.13 1.63 60.57
ac
 0.77 16.96
ac
 0.66 
Cap*60 m 52.96
hde
 2.42 2.33
bg
 0.13 41.62
abc
 2.10 64.8
bf
 2.32 59.83
cb
 1.03 16.39
ac
 0.71 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 1 continues 
 VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
Factor Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
Cap*90 m 50.86
hifg
 2.35 2.31
bg
 0.15 39.07
eb
 1.31 65.22a
bf
 1.61 59.79
cb
 1.05 16.71
ac
 0.91 
Cap*120 m 54.94
abcdeg
 2.75 2.34
bg
 0.16 42.67
a
 2.32 68.24
ac
 2.22 61.9
a
 1.63 16.54
ac
 0.59 
Caf 2mM*15 m 50.84
hig
 1.89 2.17
g
 0.11 41.10
abcd
 1.31 67.52
abcd
 1.48 60.59
ac
 0.90 16.62
cb
 0.76 
Caf 2mM*30 m 53.07
hide
 1.73 2.22
gf
 0.10 40.43
ae
 1.22 66.54
cde
 1.47 60.52
ac
 0.77 17.19
ac
 0.45 
Caf 2mM*60 m 53.73
abcdef
 1.75 2.33
bcdef
 0.11 42.58
ab
 1.34 69
ab
 1.27 61.47
ab
 1.02 17.59a 0.49 
Caf 2mM*90 m 54.02333
abcdef
 2.36 2.39
bcde
 0.12 40.01
ae
 1.40 67.33
abe
 1.64 59.15
cd
 1.01 16.82
ac
 0.48 
Caf 2mM*120 m 52.54615
hie
 2.35 2.38
bcdef
 0.14 39.24
ae
 1.39 67.49
abc
 1.66 57.91154
cd
 1.02 16.50
ac
 0.80 
Caf 5mM*15 m 52.13
hie
 1.50 2.41
bc
 0.07 38.5
ec
 1.36 65.15
abf
 1.57 58.8
cde
 0.91 17.52
ab
 0.39 
Caf 5mM*30 m 53.67
bh
 1.84 2.4
bcd
 0.09 38.98
eb
 1.39 65.99
abf
 1.70 58.74
cde
 0.90 17.65
ab
 0.43 
Caf 5mM*60 m 54.58667
abcdef
 1.99 2.41
bcd
 0.12 37.06
efd
 1.26 64.24
fc
 1.63 57.43
fd
 0.80 17.10
ac
 0.43 
Caf 5mM*90 m 57.13
ac
 1.83 2.46b 0.12 39.68
ae
 1.19 67.29
bcd
 1.42 58.76
cde
 0.81 16.82
ac
 0.63 
Caf 5mM*120 m 57.05
abcd
 2.13 2.57ab 0.12 38.55
ae
 1.29 66.34
abcd
 1.62 57.89
cde
 0.84 17.29
ac
 0.56 
Caf 10mM*15 m 53.12
hid
 1.50 2.23gd 0.08 36.32
ef
 1.60 62.58
fd
 2.03 57.50
fd
 0.89 16.8
ac
 0.40 
Caf 10mM*30 m 53.49655
hic
 1.90 2.37bg 0.11 34.26
f
 1.43 61.35
f
 2.02 55.49
fg
 0.83 16.47
ac
 0.58 
Cafffeine 10mM*60 
m 
55.96
abce
 1.68 2.47b 0.10 34.05
f
 1.43 61.32
f
 1.95 55.15
g
 0.86 16.81
ac
 0.53 
 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 1 continues 
 VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
Factor Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
Caf 10mM* 90 m 55.79
abcde
 1.84 2.47b 0.12 34.06
f
 1.16 61.73
fe
 1.71 55.03
g
 0.68 16.14
c
 0.61 
Caf 10mM*120 m 58.34
ab
 1.82 2.78a 0.11 36.52
f
 1.93 64.35
abf
 2.17 56.23
fge
 1.30 17.31
ac
 0.44 
             
B*Cap*15 57.07
feg
 3.52 2.62 0.14 40.39
mbn
 1.78 68.56
abcd
 2.46
dopn
 58.75
dopn
 0.77 18.30
abde
 0.83 
B*Cap*30 58.60
fbg
 3.42 2.61 0.19 39.14
mbn
 1.6 67.26
abcd
 2.35
pro
 58.12
pra
 0.8 18.48
abcde
 0.56 
B*Cap*60 64.50
abc
 3.66 2.8 0.2 47.09
a
 4.6 66.71
b
 5.00
wx
 58.14
wx
 2.11 18.07
abcde
 0.63 
B*Cap*90 59.74
afg
 4.12 2.62 0.25 40.90
mbn
 1.62 69.74
abc
 2.31
nx
 58.68
nx
 1.19 17.80
abcde
 0.43 
B*Cap*120 66.25
abc
 3.31 2.85 0.27 44.33
ab
 2.24 73.41
ab
 2.37 60.23
aba
 1.77 17.95
efgh
 1.16 
B*Caf 2mM*15 58.92
fcg
 2.94 2.5 0.13 41.35
abce
 1.22 70.03
abcde
 1.51 59.00
nde
 0.97 18.80
abc
 0.4 
B*Caf2mM*30 60.90
de
 2.97 2.61 0.1 42.39
abcef
 1.7 71.00
abce
 2.18 59.63
ncoq
 1 19.16
a
 0.41 
B*Caf 2mM*60 62.58
ab
 3.28 2.72 0.16 40.86
mbn
 1.44 69.72
abce
 2.03 58.52 0.76 19.01
ab
 0.46 
B*Caf 2mM*90 64.58
afg
 4.22 2.79 0.18 43.38
abce
 1.5 73.42
ab
 1.88 59.04
pde
 1.11 19.02
abc
 0.52 
B*Caf 2mM*120 63.24
abc
 3.03 2.83 0.21 43.40
abcef
 1.86 74.19
ab
 2.07 58.41 1.3 19.11
abcd
 0.49 
B*Caf 5mM*15 56.56
fd
 3.1 2.56 0.1 37.34
abcefgh
 1.55 65.84
ab
 2.45 56.70
ny
 0.78 18.38
abcde
 0.5 
B*Caf 5mM*30 60.61
gde
 3.14 2.61 0.16 40.52
mgn
 2.48 68.91
de
 2.72 58.5 1.75 18.02
abcdefg
 0.61 
B*Caf 5mM*60 63.20
bd
 3.21 2.77 0.23 38.84
mbn
 2.41 67.61
gh
 2.8 57.12
nym
 1.65 17.45
abcdefhg
 0.79 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 1 continues 
 VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
Factor Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
B*Caf 5mM*90 65.45
a
 2.9 2.84 0.2 41.54
mk
 2.28 70.64
abcde
 2.43 58.52 1.58 18.60
abcde
 0.39 
B*Caf 5mM*120 66.93
a
 3.77 2.94 0.2 41.32
mgn
 2.29 71.01
g
 2.89 57.97
w
 1.3 18.50
abcdef
 0.45 
B*Caf10mM*15 57.50
khj
 3.06 2.38 0.12 36.69
mrk
 2 64.57
mc
 2.89 56.64
y
 0.82 18.04
de
 0.42 
B*Caf10mM*30 59.29
ghi
 3.2 2.6 0.15 35.79
nopq
 2.45 64.34
m
 3.69 55.31
yv
 1.16 18.15
efg
 0.55 
B*Caf 10mM*60 62.68
cd
 3.28 2.76 0.16 37.19
abcefgh
 2.68 66.40
gm
 3.53 55.59
ysu
 1.39 18.19
fd
 0.41 
B*Caf10mM*90 61.20
bgh
 3.6 2.83 0.16 34.81
mbn
 1.34 64.43
n
 2.48 54.07
yx
 0.84 18.00
bef
 0.37 
B*Caf10mM*120 64.32
cd
 3.71 2.93 0.16 37.68
mcp
 2.34 67.42
mde
 3.01 55.58
yp
 1.25 18.21
gh
 0.51 
M*Cap*15 47.92
zt
 1.8 2.09
rvo
 0.14 42.60
mbng
 2.52 66.91
mpq
 2.49 63.28
ab
 1.72 17.39
abcdef
 0.75 
M*Cap*30 49.04
zps
 2.46 2.30
kj
 0.15 40.71
abc
 1.97 66.22
m
 2.43 61.37
ab
 1.29 17.56
abcdde
 0.86 
M*Cap*60 46.95
zw
 1.99 2.13
rns
 0.24 38.48
mbn
 2.3 63.85
n
 2.24 59.86
abcd
 1.72 15.41
mrj
 1.46 
M*Cap*90 48.68
zpr
 3.06 2.45
kp
 0.12 39.43
n
 2.61 63.39
rp
 2.39 61.83
ab
 1.96 18.75
abcd
 1.21 
M*Cap*120 53.67
pgq
 5.57 2.40
mn
 0.29 43.74
abd
 4.83 69.59
np
 4.22 62.10
ab
 3.41 16.69
amno
 0.91 
M*Caf 2mM*15 46.88
zu
 2.79 2.13
ms
 0.15 39.39
opq
 3.13 64.33
gl
 3.1 60.52
nj
 2.06 16.13
men
 1.05 
M*Caf 2mM*30 49.44
s
 2.22 2.03
lvs
 0.19 40.58
amn
 2.48 65.14
m
 2.71 61.87
abcd
 1.46 16.45
menp
 0.78 
M*Caf 2mM*60 51.16
opq
 1.65 2.23
k
 0.19 43.89
bn
 1.78 69.28
n
 1.5 63.19
ab
 1.59 17.12
bcde
 1.07 
M*Caf 2mM*90 50.17
pqr
 3.09 2.29
mn
 0.2 37.87
nop
 1.87 64.83
rp
 2.41 58.31
ab
 1.55 16.00
mpr
 0.76 
 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 1 continues 
 VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
Factor Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
M*Caf 2mM*120 52.13
pqr
 2.73 2.37
abcd
 0.22 40.07
mrkl
 2.3 66.73
gl
 2.24 59.83
ncop
 1.69 16.23
mfnp
 0.89 
M*Caf5mM*15 51.63
nlo
 2.34 2.38
kr
 0.12 39.67
mbnopq
 2.73 65.18
mn
 2.86 60.39
nx
 1.84 17.34
abcdef
 0.7 
M*Caf 5mM*30 51.94
n
 3.12 2.27
khi
 0.13 38.03
mrfg
 2.98 63.61
q
 3.83 59.24
w
 1.74 18.24
abcd
 0.76 
M*Caf 5mM*60 52.35
pqs
 2.16 2.23
kg
 0.18 35.52
men
 1.61 62.53
mf
 2.56 56.73
xz
 0.89 16.81
mch
 0.76 
M*Caf 5mM*90 54.26
ngo
 1.69 2.43
mn
 0.16 38.76
rp
 1.93 65.60
m
 2.45 58.92
prsw
 1.45 17.08
defh
 0.81 
M*Caf 5mM*120 54.04
nko
 2.27 2.67
k
 0.14 36.21
rp
 2.07 64.72
m
 2.37 55.71
r
 1.49 17.07
amn
 0.61 
M*Caf10mM*15 54.33
nio
 2.26 2.24
tu
 0.14 37.45
rp
 2.74 64.29
mc
 3.52 57.85
pq
 1.35 17.11
abcd
 0.61 
M*Caf 10mM*30 53.10
feg
 3.37 2.34
rvo
 0.2 33.41
mri
 2.14 59.76
ml
 3.55 55.82
yst
 1.06 15.91
mh
 1.19 
M*Caf 10mM*60 53.90
feg
 2.17 2.35
rvo
 0.16 33.76
mbn
 2.72 59.56
abcde
 3.67 56.23
xq
 1.75 17.70
abcd
 0.36 
M*Caf10mM*90 56.06
zx
 3.03 2.49
rvo
 0.23 33.90
mb
 2.46 60.47
m
 3.3 55.68
abc
 1.32 15.84
mno
 0.8 
M*Caf 
10mM*120 
55.41
zx
 2.08 2.80
rvo
 0.2 35.39
mbno
 3.93 62.77
mp
 4.88 55.93
cd
 2.54 17.06
np
 0.59 
             T*Cap*15 44.00nz 3.26 1.84rl 0.21 40.03mcdho 3.68 63.14me 4.38 62.65cd 1.61 13.54r 1.36 
T*Cap*30 43.39
zx
 2.38 1.72
mn
 0.19 40.76
abcef
 3.19 64.91
depq
 3.75 62.22
ncop
 1.51 14.86
mn
 1.53 
T*Cap*60 48.10
zv
 4.33 2.09
tu
 0.19 39.63
m
 3.61 63.94
nk
 4.98 61.48
a
 1.53 15.81
mgnp
 1.28 
T*Cap*90 44.40
zv
 3.71 1.86
abc
 0.33 36.84
mbnp
 2.43 62.72
mdep
 3.3 58.63
abcd
 2.12 13.38
rq
 2.13 
 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 1 continues 
 VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
Factor Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
T*Cap*120 45.87
zs
 2.58 1.83
ut
 0.17 40.37
nopn
 4.75 62.60
mp
 3.97 63.23
rop
 3.24 15.17
mrj
 0.85 
T*Caf 2mM*15 45.82
zq
 2.14 1.86
iv
 0.25 42.52
nopq
 2.43 67.91
q
 2.9 62.41
abce
 1.52 14.69
rq
 1.9 
T*Caf 2mM*30 48.42
zq
 1.86 2.01
w
 0.14 38.08
m
 2.09 63.16
p
 2.16 60.00
nb
 1.54 15.82
mrjk
 0.67 
T*Caf2mM*60 48.34
zs
 2.11 2.09
rv
 0.16 42.83
opq
 3.29 68.07
r
 2.97 62.40
yo
 2.25 16.78
rp
 0.72 
T*Caf 2mM* 90 2.7 2.08
ry
 0.18 38.80
mbnp
 3.36 63.73
mr
 3.2 60.10
prs
 2.46 15.44
mr
 14.46
md
 0.76 
T*Caf2mM*120 43.46
nz
 3.5 2.00
khi
 0.24 34.71
abc
 2.18 62.30
me
 2.85 55.54
nb
 2.01 16.94
mri
 1.87 
T*Caf 5mM*15 48.65
zrq
 1.95 2.31
mn
 0.14 38.41
mfnopq
 2.65 64.50
depq
 3.01 59.10
yo
 1.7 16.70
mo
 0.74 
T*Caf 5mM*30 48.46
tux
 2.06 2.32
k
 0.18 38.38
abceg
 1.79 65.44
nk
 2.07 58.47
qo
 1.32 17.06
abcd
 0.81 
T*Caf 5mM*60 48.21
mno
 3.18 2.25
tu
 0.15 36.81
m
 2.51 62.57
mde
 3.07 58.44
qr
 1.59 14.79
mdo
 0.75 
T*Caf5mM*90 51.67
zs
 3.03 2.11
rvo
 0.23 38.73
mbnp
 2.05 65.62
mp
 2.39 58.83 1.30
pr
 16.30
md
 1.49 
T*Caf 5mM*120 50.17
zq
 2.38 2.10
rvo
 0.21 38.11
rn
 2.23 63.28
q
 2.71 59.99 1.36
abcdf
 15.37
mr
 1.48 
T*Caf 10mM*15 47.98
zq
 1.63 2.09
rl
 0.14 34.87
rq
 3.44 59.08
p
 4 57.94 2.17
su
 15.30
mfn
 0.72 
T*Caf 10mM*30 48.06
zs
 2.49 2.17
mn
 0.21 33.50
r
 2.87 59.81
r
 3.39 55.36 2.00
yu
 14.56
mrjk
 1.07 
T*Caf 10mM*60 51.31
nlo
 1.95 2.30
tu
 0.16 31.19
rp
 1.76 58.01
r
 2.57 53.63 1.32
y
 14.78
rjk
 1.27 
T*Caf 10mM*90 50.65
mn
 2.27 2.12
mn
 0.19 33.56
rp
 2.16 60.55
mr
 3.09 55.24 1.32
yu
 16.62
mdo
 1.42 
T*Caf10mM*120 
m 
54.66
fgh
 2.08 2.60
ab
 0.21 36.26
nopq
 4.05 62.51
gl
 3.8 57.11 2.91
rsu
 
 
0.98 
 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 2 The mean percentage hyperactivation and swimming speed classes (rapid, medium, slow) and kinematic parameters as 
a result of the effect of caffeine concentrations 2mM, 5mM and 10mM on human  sperm subpopulations over time (fractions 
and treatment, fractions and time and treatment and time interactions) 
 
   
 
Hyp Hyp Rapid Rapid Med Med Slow Slow VCL VCL VSL VSL 
Factors Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
B*Cap 16.00
a
 2.01 57.49
a
 3.04 22.65
cb
 1.63 19.88
c
 1.70 105.35
a
 3.52 41.54
a
 1.43 
B*Caf 5mM 16.45
bc
 1.65 61.52
b
 2.54 20.50
a
 1.33 17.98
b
 1.66 108.53
b
 3.02 44.34
b
 1.33 
M*Cap 6.55
c
 1.03 33.71
c
 2.56 31.55
a
 1.18 34.74
a
 2.25 82.87
c
 2.45 31.97
b
 1.21 
M*Caf 5mM 9.79
a
 1.31 41.01
a
 2.56 26.95
c
 1.08 32.04
c
 1.88 88.78
a
 2.52 34.70
a
 0.96 
T*Cap 3.56
b
 0.61 26.08
b
 2.15 31.06
ab
 1.18 42.87
b
 2.22 74.69
b
 1.99 29.39
b
 1.54 
T*Caf 5mM 7.23
b
 0.80 36.16
b
 2.32 28.62
a
 1.47 35.21
b
 2.28 83.48
b
 2.29 32.01
b
 1.09 
             
B*15 m 10.71
cb
 1.78 54.35
b
 4.42 23.37
efd
 2.04 22.28
ef
 2.83 98.67
c
 4.26 38.48
c
 2.16 
B*30 m 15.95
a
 2.45 56.2
b
 4.60 21.74
ef
 1.83 22.068
e
 3.19 103.36
cb
 4.91 40.59
cb
 1.93 
B*60 m 17.93
a
 3.20 64.27
a
 3.87 18.22
f
 1.78 17.51
ef
 2.57 111.31
a
 5.21 44.08
ab
 1.89 
B*90 m 17.9
a
 3.19 59.22
ab
 4.51 23.13
efc
 2.48 17.66
ef
 2.33 108.26
ab
 5.49 44.15
ab
 2.20 
B*120 m 18.96
a
 3.45 64.3
ab
 4.56 21.2
efd
 3.45 14.51
f
 1.82 114.1
a
 5.59 48.16
a
 2.34 
M*15 m 5.61
d
 1.34 32.64
ed
 3.46 31.01
ab
 1.23 36.36
abc
 3.13 81.43
fe
 3.39 32.9
ed
 1.39 
M*30 m 7.6
cd
 2.12 35.67
ed
 4.30 28.19
abcd
 1.24 36.15
ad
 3.76 84.6
fe
 3.94 33.04
ed
 1.83 
M*60 m 6.81
cd
 1.26 36.86
ce
 3.63 31.89
ab
 1.76 31.25
d
 2.88 85.74
de
 3.31 31.57
e
 1.52 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 2 continues 
 Hyp Hyp Rapid Rapid Med Med Slow Slow VCL VCL VSL VSL 
Factors Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
M*90 m 7.88
cd
 1.65 37.88
cd
 4.17 30.03
ab
 2.32 32.11
dc
 3.09 86.12
de
 3.87 33.27
ed
 1.52 
M*120 m 14
ab
 2.71 45.02
c
 5.16 24.18
efc
 2.23 30.79
dc
 3.75 92.31
d
 5.61 36.43
cd
 2.59 
T*15 m 4.8
d
 0.97 28.92
e
 3.44 29.16
abc
 2.10 41.91
a
 3.22 76.33
f
 3.05 29.92
e
 2.09 
T*30 m 5.3
d
 0.98 28.33
e
 3.09 32.65
a
 1.76 39.04
abc
 3.01 76.7
fe
 2.83 30.18
e
 1.56 
T*60 m 5.03
d
 1.23 32.28
ed
 4.23 27.11
eb
 2.33 40.62
a
 4.58 80.52
fe
 4.19 31.32
ed
 2.81 
T*90 m 6.61
cd
 1.48 33.62
ed
 4.01 31.77
ab
 1.57 34.62
db
 3.51 82.11
df
 4.08 31.46
ed
 2.20 
T*120 m 5.17
d
 1.33 32.37
ed
 3.92 28.55
abcd
 2.64 39.08
ab
 3.94 79.7
fe
 3.46 30.59
ed
 1.97 
             
Cap*15 m 5.5
d
 1.07 35.77
cd
 3.41 28.59
ab
 1.44 35.65
ab
 2.81 82.15
d
 3.13 33.29
ed
 1.59 
Cap*30 m 7.60
db
 1.69 34.99
c
 3.65 28.86
ab
 1.29 36.17
a
 2.95 84.03
dc
 3.59 31.97
e
 1.63 
Cap*60 m 9.23
ad
 2.14 42.14
ac
 4.34 27.47
ab
 1.99 30.4
cb
 3.25 90.49
abc
 4.44 34.17
ed
 2.29 
Cap*90 m 9.47
abc
 2.24 37.34
cb
 4.32 31.55
a
 2.02 31.12
cb
 3.27 87.14
ad
 4.58 33.62
be
 2.01 
Cap*120 m 11.63
abc
 2.54 44.64
abd
 5.27 25.70
b
 2.61 29.65
cb
 3.96 94.04
ab
 5.40 38.53
ac
 2.69 
Caf*15 m 8.5
dc
 1.30 41.06
cb
 3.92 27.23
ab
 1.74 31.70
ab
 2.99 88.46
db
 3.56 34.09
ec
 1.76 
Caf*30 m 11.85
ab
 1.84 45.71
ac
 4.05 26.04
ab
 1.82 28.25
ac
 2.95 92.87
abc
 3.97 37.54
abcd
 1.50 
Caf*60 m 10.47
abc
 1.87 46.39
ab
 3.90 24.33
b
 1.81 29.27
ac
 3.34 94.19
a
 4.11 36.9
abcd
 1.78 
Caf*90 m 12.02
ab
 1.78 49.61
a
 3.30 25.13
b
 1.52 25.27
c
 2.13 96.99
a
 3.65 38.86
ab
 1.69 
Caf*120 m 13.34
a
 2.29 49.06
a
 3.80 23.86
b
 2.15 27.09
cb
 2.85 96.08
a
 4.49 38.05
abd
 2.09 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 2 continues 
 Hyp Hyp Rapid Rapid Med Med Slow Slow VCL VCL VSL VSL 
Factors Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
M*90 m 7.88
cd
 1.65 37.88
cd
 4.17 30.03
ab
 2.32 32.11
dc
 3.09 86.12
de
 3.87 33.27
ed
 1.52 
M*120 m 14
ab
 2.71 45.02
c
 5.16 24.18
efc
 2.23 30.79
dc
 3.75 92.31
d
 5.61 36.43
cd
 2.59 
T*15 m 4.8
d
 0.97 28.92
e
 3.44 29.16
abc
 2.10 41.91
a
 3.22 76.33
f
 3.05 29.92
e
 2.09 
T*30 m 5.3
d
 0.98 28.33
e
 3.09 32.65
a
 1.76 39.04
abc
 3.01 76.7
fe
 2.83 30.18
e
 1.56 
T*60 m 5.03
d
 1.23 32.28
ed
 4.23 27.11
eb
 2.33 40.62
a
 4.58 80.52
fe
 4.19 31.32
ed
 2.81 
T*90 m 6.61
cd
 1.48 33.62
ed
 4.01 31.77
ab
 1.57 34.62
db
 3.51 82.11
df
 4.08 31.46
ed
 2.20 
T*120 m 5.17
d
 1.33 32.37
ed
 3.92 28.55
abcd
 2.64 39.08
ab
 3.94 79.7
fe
 3.46 30.59
ed
 1.97 
             
Cap*15 m 5.5
d
 1.07 35.77
cd
 3.41 28.59
ab
 1.44 35.65
ab
 2.81 82.15
d
 3.13 33.29
ed
 1.59 
Cap*30 m 7.60
db
 1.69 34.99
c
 3.65 28.86
ab
 1.29 36.17
a
 2.95 84.03
dc
 3.59 31.97
e
 1.63 
Cap*60 m 9.23
ad
 2.14 42.14
ac
 4.34 27.47
ab
 1.99 30.4
cb
 3.25 90.49
abc
 4.44 34.17
ed
 2.29 
Cap*90 m 9.47
abc
 2.24 37.34
cb
 4.32 31.55
a
 2.02 31.12
cb
 3.27 87.14
ad
 4.58 33.62
be
 2.01 
Cap*120 m 11.63
abc
 2.54 44.64
abd
 5.27 25.70
b
 2.61 29.65
cb
 3.96 94.04
ab
 5.40 38.53
ac
 2.69 
Caf*15 m 8.5
dc
 1.30 41.06
cb
 3.92 27.23
ab
 1.74 31.70
ab
 2.99 88.46
db
 3.56 34.09
ec
 1.76 
Caf*30 m 11.85
ab
 1.84 45.71
ac
 4.05 26.04
ab
 1.82 28.25
ac
 2.95 92.87
abc
 3.97 37.54
abcd
 1.50 
Caf*60 m 10.47
abc
 1.87 46.39
ab
 3.90 24.33
b
 1.81 29.27
ac
 3.34 94.19
a
 4.11 36.9
abcd
 1.78 
Caf*90 m 12.02
ab
 1.78 49.61
a
 3.30 25.13
b
 1.52 25.27
c
 2.13 96.99
a
 3.65 38.86
ab
 1.69 
Caf*120 m 13.34
a
 2.29 49.06
a
 3.80 23.86
b
 2.15 27.09
cb
 2.85 96.08
a
 4.49 38.05
abd
 2.09 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 2 continues 
 
VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
Factors Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
B*Cap 60.71
a
 1.67 2.69
a
 0.09 40.99
a
 1.33 67.51
ab
 1.46 58.05
c
 0.67 17.72
ab
 0.30 
B*Caf 5mM 62.88
bc
 1.44 2.75
c
 0.08 41.15
a
 0.86 70.25
cb
 1.03 58.44
ab
 0.59 18.56
cb
 0.26 
M*Cap 49.85
c
 1.27 2.21
d
 0.08 38.99
a
 1.32 63.65
c
 1.38 60.68
a
 0.85 17.03
d
 0.46 
M*Caf 5mM 52.09
a
 1.08 2.46
a
 0.07 39.40
a
 0.92 66.41
a
 0.99 59.12
cb
 0.77 17.47
a
 0.36 
T*Cap 45.59
b
 1.35 1.95
b
 0.09 39.17
a
 1.56 63.06
cb
 1.72 61.37
ac
 0.90 15.39
ab
 0.59 
T*Caf 5mM 49.12
bc
 1.23 2.15
c
 0.10 38.40
a
 0.93 64.74
cb
 1.15 59.13
ac
 0.65 15.55
cd
 0.57 
             B*15 m 56.83
cd
 2.30 2.59
abc
 0.09 38.95
ac
 1.21 67.27
db
 1.72 57.78
e
 0.58 18.34
a
 0.48 
B*30 m 59.66
cb
 2.26 2.61
abc
 0.12 39.87
ac
 1.48 68.13
abc
 1.77 58.32
ed
 0.97 18.24
a
 0.41 
B*60 m 63.82
ab
 2.36 2.78
ab
 0.15 42.75
ab
 2.63 67.18
db
 2.71 57.61
e
 1.29 17.74
abc
 0.50 
B*90 m 62.75
ab
 2.50 2.74
ab
 0.15 41.24
ac
 1.39 70.22
ab
 1.64 58.59
ed
 0.98 18.22
ab
 0.30 
B*120 m 66.61
a
 2.46 2.9
a
 0.16 42.74
a
 1.60 72.14
a
 1.86 59.03
ae
 1.08 18.24
ab
 0.58 
M*15 m 49.78
gf
 1.50 2.24
ge
 0.10 41.14
ab
 1.84 66.05
db
 1.86 61.84
ab
 1.27 17.37
abc
 0.50 
M*30 m 50.57
eg
 1.99 2.28
def
 0.10 39.3
ac
 1.80 64.85
dc
 2.28 60.25
ae
 1.10 17.92
ab
 0.56 
M*60 m 49.65
gf
 1.56 2.18
gf
 0.15 37
c
 1.41 63.19
d
 1.66 58.30
ed
 1.01 16.11
dc
 0.82 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 2 continues 
 
VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
Factors Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
M*90 m 51.47
ef
 1.82 2.44
dce
 0.10 39.10
ac
 1.58 64.50
dc
 1.68 60.38
ae
 1.23 17.92
ab
 0.73 
M*120 m 53.88
ed
 2.64 2.55
db
 0.15 39.51
ac
 2.51 66.85
db
 2.28 58.51
ec
 1.84 16.9
ad
 0.51 
T*15 m 46.33
g
 1.92 2.08
gf
 0.14 39.22
ac
 2.22 63.82
dc
 2.59 60.88
abcd
 1.21 15.24
de
 0.85 
T*30 m 46.06
g
 1.63 2.04
gf
 0.14 39.51
ac
 1.75 65.19
db
 2.02 60.25
ae
 1.07 15.83
dc
 0.84 
T*60 m 48.15
gf
 2.57 2.17
ge
 0.12 38.15
cb
 2.13 63.22
d
 2.78 59.88
ae
 1.14 16.47
db
 0.72 
T*90 m 48.23
gf
 2.46 1.99
g
 0.19 37.84
ac
 1.55 64.25
dc
 1.98 58.74
eb
 1.18 14.12
e
 1.25 
T*120 m 48.02
gf
 1.78 1.97
g
 0.13 39.24
ac
 2.56 62.94
dc
 2.33 61.61
ac
 1.75 15.73
dc
 0.84 
             Cap*15 m 49.93
d
 1.68 2.27
ac
 0.09 40.85
ab
 1.51 66.28
ab
 1.68 61.23
ab
 0.93 17.20
ab
 0.50 
Cap*30 m 49.7
d
 1.82 2.17
c
 0.11 38.29
b
 1.47 63.75
cb
 1.82 59.64
ab
 0.86 17.01
ab
 0.58 
Cap*60 m 52.88
abd
 2.35 2.31
ac
 0.13 39.24
ab
 2.27 62.04
c
 2.47 58.61
b
 0.98 16.71
ab
 0.70 
Cap*90 m 51.47
bd
 2.35 2.27
ac
 0.14 38.73
ab
 1.53 64.57
ac
 1.74 59.61
ab
 1.09 15.99
b
 0.78 
Cap*120 m 56.31
ac
 2.71 2.36
ac
 0.16 41.69
a
 2.38 67.05
ab
 2.31 61.45
a
 1.60 16.49
ab
 0.58 
Caf*15 m 51.86
dc
 1.81 2.32
cb
 0.11 38.68
ab
 1.43 65.07
ac
 1.76 59.14
ab
 0.89 16.7
ab
 0.63 
Caf*30 m 54.76
abd
 1.92 2.46
ab
 0.10 40.97
ab
 1.15 68.61
a
 1.29 59.57
ab
 0.87 17.67
a
 0.50 
Caf*60 m 54.66
abd
 2.06 2.44
ac
 0.12 39.27
ab
 1.13 66.81
ac
 1.29 58.56
b
 0.91 16.81
ab
 0.45 
Caf*90 m 56.73
ab
 1.85 2.51
ab
 0.12 40.04
ab
 0.88 68.00
ab
 1.19 58.90
ab
 0.75 17.56
ab
 0.74 
Caf*120 m 55.83
ab
 2.19 2.55
a
 0.12 39.42
ab
 1.28 67.40
ab
 1.54 58.29
ab
 0.94 17.33
ab
 0.57 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 2 The mean percentage hyperactivation, swimming speed classes (rapid, medium, slow) and kinematic parameters as a result of the effect 
of caffeine concentrations 2mM, 5mM and 10mM on human  sperm subpopulations over time (Third order effects) 
 Hyp Hyp Rapid Rapid Med Med Slow Slow VCL VCL VSL VSL 
Factors Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
B*Cap*15 m 8.21
hei
 2.49
hei
 51.01
abc
 5.97 24.68
kng
 3.03 24.33
jkh
 3.45 94.76
dce
 5.80 38.04
fb
 2.63 
B*Cap*30 m 14.88
abcd
 3.84 52.28
abc
 5.98 23.58
knh
 2.38 24.16
jg
 4.01 100.25
ad
 6.78 37.95
fbg
 2.57 
B*Cap*60 m 19.06
ab
 5.20 65.12
a
 6.24 17.73
nm
 3.04 17.14
jk
 3.33 112.33
ab
 8.23 43.33
abcd
 3.19 
B*Cap*90 m 18.46
a
 5.57 53.9
ab
 8.55 25.93
keflo
 4.52 20.17
jk
 4.33 105.53
abc
 9.91 41.16
abcde
 3.64 
B*Cap*120 m 19.94
abc
 4.71 66.73
a
 6.64 21.04
knhi
 5.24 12.25
k
 2.46 115.59
ab
 7.87 48.35
a
 3.30 
B*Caf*15 m 12.95
h
 2.43 57.36
ig
 6.60 22.19
abcdef
 2.84 20.44
af
 4.49 102.2
ki
 6.25 38.87
ig
 3.49 
B*Caf*30 m 17.13
li
 3.11 60.56
ig
 7.15 19.69
abcdegi
 2.79 19.74
abc
 5.18 106.82
gk
 7.35 43.53
ij
 2.70 
B*Caf*60 m 16.91
lij
 4.14 63.51
if
 5.07 18.66
ab
 2.16 17.83
fdg
 4.02 110.38
gk
 6.99 44.75
ijh
 2.31 
B*Caf*90 m 17.4
hl
 3.70 64.01
if
 3.65 20.6
abcd
 2.35 15.4
fcd
 2.09 110.72
gk
 5.88 46.84
ih
 2.48 
B*Caf*120 m 18.09
abcdefg
 5.25 62.14
dbe
 6.57 21.34
kne
 4.84 16.51
fdg
 2.59 112.77
def
 8.34 47.99
fbg
 3.48 
M*Cap*15 m 4.85
lk
 1.77 31.05
i
 4.75 32.49
kbl
 1.40 36.46
a
 4.14 79.37
kj
 4.46 32.36
ih
 1.57 
M*Cap*30 m 4.36
lk
 1.43 29.37
i
 4.82 30.1
abcdf
 1.18 40.54
a
 5.30 79.93
k
 4.32 29.84
i
 2.63 
M*Cap*60 m 6.03
lk
 1.13 32.82
ih
 4.19 35.33
kbl
 2.14 31.85
ab
 4.04 81.73
gk
 3.26 29.84
ih
 1.73 
M*Cap*90 m 6.2
lij
 2.27 33.47
i
 6.81 33.13
ac
 3.62 33.4
af
 5.71 82.2
kj
 6.27 31.53
ih
 2.72 
M*Cap*120 m 13.6
l
 4.51 45.7
i
 8.77 24.47
abcdeg
 4.00 29.8
a
 6.88 95.13
kj
 9.68 38.04
ih
 5.15 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 2 continues 
 Hyp Hyp Rapid Rapid Med Med Slow Slow VCL VCL VSL VSL 
Factors Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
M*Caf*15 m 6.53
hb
 2.11 34.58
a
 5.27 29.2
kni
 2.06 36.23
jk
 5.04 83.94
db
 5.36 33.56
fcg
 2.52 
M*Caf*30 m 11.2
abcde
 3.96 42.68
a
 6.86 26.07
kn
 2.13 31.27
jk
 5.15 89.79
ad
 6.64 36.59
abc
 2.08 
M*Caf*60 m 7.59
abc
 2.31 40.89
a
 5.86 28.45
no
 2.41 30.64
jk
 4.32 89.75
ab
 5.68 33.29
ab
 2.47 
M*Caf*90 m 9.56
ab
 2.39 42.28
a
 4.75 26.93
nl
 2.75 30.81
jk
 2.70 90.05
a
 4.54 35
a
 1.29 
M*Caf*120 m 14.31
abc
 3.55 44.49
a
 6.61 23.96
knij
 2.70 31.57
jk
 4.36 90.11
ab
 6.98 35.17
a
 2.52 
T*Cap*15 m 3.77
lij
 1.13 27.24
di
 4.70 27.81
abcdeghj
 2.63 44.94
af
 4.85 73.87
gkf
 4.38 30.03
fi
 3.51 
T*Cap*30 m 3.57
hlf
 1.37 23.31
dcf
 4.22 32.91
kcl
 1.98 43.8
fcdgh
 3.89 71.92
geh
 3.56 28.11
fdgh
 2.48 
T*Cap*60 m 2.96
hlg
 0.95 29.51
defgh
 6.21 28.47
kc
 2.44 42.04
feg
 6.33 78.38
geh
 6.14 29.82
fi
 5.09 
T*Cap*90 m 4.66
hdik
 1.82 26.3
dbf
 4.59 35.02
kdel
 1.65 38.7
fcegh
 5.50 75.52
gei
 4.49 28.94
fghj
 3.14 
T*Cap*120 m 2.71
abcdef
 1.51 24.19
dbf
 5.24 30.81
kng
 3.96 44.99
fbg
 4.98 74.04
gehi
 4.33 30.19
fie
 3.47 
T*Caf*15 m 5.82
lij
 1.56 30.59
ie
 5.22 30.51
abcdeghj
 3.36 38.87
abde
 4.26 78.79
kh
 4.32 29.8
ih
 2.46 
T*Caf*30 m 7.2
hlf
 1.16 33.9
di
 3.96 32.35556
abce
 3.14 33.74
fbgh
 4.18 82.01
gfhij
 3.95 32.49
fi
 1.60 
T*Caf*60 m 6.9
g
 2.06 34.77
di
 5.98 25.88
kdlm
 3.95 39.34
abd
 6.88 82.44
gkf
 5.98 32.66
fi
 2.98 
T*Caf*90 m 8.77
hfik
 2.27 41.76
dfgh
 5.85 28.16
ak
 2.27 30.08
fcgh
 3.99 89.43
gei
 6.41 34.27
ghj
 2.98 
T*Caf*120 m 7.62
hfik
 1.94 40.54
defg
 4.58 26.29
knd
 3.56 33.18
fbgh
 5.70 85.36
gehi
 4.91 31
ig
 2.08 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 2 continues 
 
VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
Factors Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
B*Cap*15 m 55.53
edf
 3.15 2.54
abcde
 0.13 40.23
ac
 1.51 68.33
abcdef
 1.97 58.77
dgc
 0.82 18
abc
 0.91 
B*Cap*30 m 57.43
eb
 3.19 2.51
abcdef
 0.16 38.3
cbd
 1.69 66.2
hb
 2.31 57.7
ge
 0.93 17.61
abc
 0.44 
B*Cap*60 m 63.6
abc
 3.78 2.87
a
 0.20 44.66
a
 5.42 64.1
hd
 5.48 56.52g 2.28 17.82
abc
 0.58 
B*Cap*90 m 60.48
abcd
 4.46 2.68
ab
 0.26 39.69
ac
 2.08 68.04
abcdefg
 2.60 58.2
dg
 1.51 17.42
abc
 0.38 
B*Cap*120 m 67.66
a
 3.24 2.9
a
 0.27 42.54
ac
 2.77 71.44
abc
 3.21 59.24
dgb
 1.83 17.75
abc
 1.12 
B*Caf*15 m 57.99
kh
 3.44 2.63
ijk
 0.12 37.79
abe
 1.86 66.32
abcdefgh
 2.81 56.89
ab
 0.76 18.64
abcd
 0.45 
B*Caf*30 m 62.13
ikh
 3.18 2.72
jkl
 0.18 41.61
cbd
 2.47 70.27
hg
 2.68 59.01
dgb
 1.82 18.93
abc
 0.66 
B*Caf*60 m 64.01
ikh
 3.10 2.71
mj
 0.23 41.03
cd
 1.44 69.96
hf
 1.44 58.58
dgc
 1.40 17.67
fgc
 0.83 
B*Caf*90 m 64.79
edfg
 2.60 2.79
ic
 0.19 42.63
ac
 1.84 72.17
he
 1.98 58.95
db
 1.33 18.94
abcde
 0.31 
B*Caf*120 m 65.68
ik
 3.79 2.9
abcdefgh
 0.20 42.91
ac
 1.93 72.77
ah
 2.23 58.84
dgb
 1.35 18.68
af
 0.50 
M*Cap*15 m 49.3
k
 1.82 2.11
igjk
 0.13 41.65
ac
 2.48 65.86
hc
 2.57 62.84
abc
 1.64 17.6
fc
 0.71 
M*Cap*30 m 47.92i
kh
 2.50 2.15
ml
 0.13 37.42
ac
 3.02 61.5
he
 3.77 60.19
db
 1.69 17.98
fgd
 1.00 
M*Cap*60 m 48.01
kj
 2.04 1.99
ijkl
 0.20 36.53
cdb
 1.71 61.96
h
 2.09 58.75
dbf
 1.06 15.83
fgc
 1.50 
M*Cap*90 m 49.8
ikh
 3.24 2.36
ml
 0.13 38.95
cbd
 3.03 63.07
he
 3.02 61.13
dgc
 1.97 16.91
g
 0.87 
M*Cap*120 m 56.17
ec
 4.93 2.51
m
 0.28 40.64
ad
 5.26 66.47
hd
 4.62 60.07
a
 3.56 16.67
fgd
 0.89 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 2 continues 
 VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
Factors Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
M*Caf*15 m 50.36
abcd
 2.59 2.38
abcde
 0.13 40.5
ac
 2.89 66.27
hb
 2.85 60.61
gf
 2.01 17.08
ab
 0.73 
M*Caf*30 m 53.51
ab
 2.99 2.43
abcd
 0.13 41.39
ac
 1.74 68.57
abcd
 1.92 60.31
dgb
 1.48 17.84
a
 0.50 
M*Caf*60 m 51.29
a
 2.34 2.37
ac
 0.21 37.47
ac
 2.32 64.42
abcde
 2.64 57.84
dgc
 1.76 16.39
abcd
 0.75 
M*Caf*90 m 53.14
a
 1.68 2.52
a
 0.15 39.24
ac
 1.18 65.92
ab
 1.55 59.62
dg
 1.55 18.92
a
 1.14 
M*Caf*120 m 52.1
ikf
 2.85 2.58
a
 0.17 38.62
ac
 2.15 67.14
a
 2.20 57.29
dgb
 1.85 17.08
ab
 0.62 
T*Cap*15 m 45.57
efgh
 3.17 2.2
id
 0.15 40.51
ac
 3.54 64.9
hc
 3.94 61.68
ade
 1.91 16.05
abcde
 0.97 
T*Cap*30 m 43.75
ifj
 2.16 1.86
bc
 0.20 39.14
ac
 2.96 63.55
abcdefg
 3.35 61.02
dgb
 1.65 15.45
abcd
 1.30 
T*Cap*60 m 47.57
efgh
 4.17 2.1
ib
 0.16 36.84
ac
 3.97 60.08
hc
 5.27 60.56
dgc
 1.58 16.57
fb
 1.31 
T*Cap*90 m 45.03
if
 3.23 1.82
abcdefg
 0.28 37.64
ac
 2.86 62.95
hc
 3.30 59.35
dgb
 2.11 13.77
a
 1.92 
T*Cap*120 m 46.32
ikh
 2.69 1.77
abcdefg
 0.14 41.76
cbd
 4.61 63.6
abcdefg
 4.09 64.49
dgc
 2.77 15.23
abcd
 0.86 
T*Caf*15 m 47.08
ikg
 2.33 1.95
mk
 0.23 37.93
ac
 2.80 62.74
hf
 3.55 60.07
dgb
 1.55 14.43
fg
 1.40 
T*Caf*30 m 48.62
ikg
 2.29 2.23
iej
 0.20 39.91
ac
 1.88 67.01
abcdefg
 2.15 59.39
dgc
 1.36 16.24
fb
 1.12 
T*Caf*60 m 48.69
ikg
 3.34 2.24
ifjk
 0.17 39.32
ac
 2.06 66.05
hb
 2.30 59.27
dgb
 1.68 16.38
fb
 0.76 
T*Caf*90 m 51.78
if
 3.56 2.18
ihjkl
 0.28 38.06
ac
 1.08 65.69
ah
 2.12 58.06
dgc
 0.95 14.51
fge
 1.66 
T*Caf*120 m 49.71
ifj
 2.35 2.17
igjk
 0.22 36.72
cbd
 2.26 62.28
he
 2.51 58.73
dgc
 1.81 16.23
af
 1.48 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 3 The mean percentage hyperactivation, swimming speed classes (rapid, medium, slow) and kinematic parameters (fractions and 
treatment, fraction and time, treatment and time interactions) 
Factors Hyp Hyp Rapid Rapid Medium Medium Slow Slow VCL VCL VSL VSL 
  Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
B*Non-Cap 14.21
b
 1.32 56.89
b
 2.63 24.83
b
 1.42 18.27
e
 1.50 104.83
b
 2.69 44.20
b
 1.28 
B*Cap 19.30
a
 1.58 63.92
a
 2.43 19.22
c
 1.15 16.85
e
 1.68 113.50
a
 2.95 48.10
a
 1.42 
B*Procaine 6.40
cd
 1.11 35.99
c
 2.69 31.32
a
 1.22 32.69
d
 2.33 83.60
c
 2.51 27.56
cd
 1.18 
M*Non-Cap 4.83
ce
 1.09 26.05
ed
 1.76 32.97
a
 0.92 40.98
c
 1.80 74.95
ed
 1.67 27.16
cd
 0.84 
M*Cap 6.14
c
 1.01 30.86
cd
 2.11 31.45
a
 1.05 36.68
cd
 1.91 80.21
cd
 2.11 29.30
c
 1.01 
M*Procaine 3.93
ed
 1.23 20.68
gf
 2.08 33.09
a
 1.26 46.23
b
 2.21 70.03
f
 1.83 21.01
ef
 0.91 
T*Non-Cap 2.92
ed
 0.54 19.85
gf
 1.60 31.31
a
 1.09 48.84
b
 2.01 68.22
f
 1.62 22.69
e
 0.80 
T*Cap 3.84
ce
 0.79 21.38
ef
 1.60 31.41
a
 1.03 47.21
b
 1.82 70.33
ef
 1.85 24.08
ed
 0.74 
T*Procaine 2.65
e
 0.86 15.01
g
 1.86 28.60
ab
 1.41 56.40
a
 2.42 63.28
g
 2.15 18.11
f
 0.89 
             B*15 m 13.46
a
 1.86 53.98
a
 3.28 25.19
fge
 1.67 20.82
d
 1.82 101.52
ab
 3.43 40.48
a
 1.81 
B*30 m 12.99
a
 1.83 53.39
a
 3.57 25.77
fgd
 1.72 20.82
d
 2.19 101.28
ab
 3.73 40.57
a
 1.98 
B*60 m 14.09
a
 1.92 55.33
a
 3.93 24.25
g
 1.84 20.42
d
 2.61 103.62
a
 4.14 42
a
 2.22 
B*90 m 12.82
ab
 1.87 49.44
b
 3.83 24.75
fge
 1.83 25.81
c
 3.08 98.31
b
 4.23 38.50
b
 2.27 
B*120 m 13.84
a
 2.17 50.89
ab
 4.26 25.01
fg
 1.99 24.09
cd
 3.14 100.24
ab
 4.46 39.52
ab
 2.44 
M*15 m 5.04
cd
 0.95 23.18
gd
 2.47 33.45
ab
 1.21 43.38
b
 2.16 73.67
cd
 2.20 25.58
cd
 1.17 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 3 continues 
Factors Hyp Hyp Rapid Rapid Medium Medium Slow Slow VCL VCL VSL VSL 
  Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
M*30 m 4.15
d
 1.00 26.09
cde
 2.59 32.44
abc
 1.23 41.47
b
 2.45 75.58
cd
 2.48 26.06
c
 1.17 
M*60 m 3.81
d
 0.95 25.72
cdef
 2.55 33.23
ab
 1.52 40.24
b
 2.58 75.35
cd
 2.39 26.22
c
 1.26 
M*90 m 5.40
cd
 1.49 29.27
c
 3.19 29.87
fc
 1.61 40.85
b
 3.34 77.14
c
 3.18 25.68
c
 1.60 
M*120 m 6.72
cb
 2.53 25.55
cd
 2.34 33.41
abc
 1.39 40.02
b
 2.56 73.83
cd
 2.22 25.78
cd
 1.37 
T*15 m 3.41
d
 0.77 19.19
ge
 2.02 31.15
abcd
 1.28 49.66
a
 2.37 68.89
ed
 1.96 22.75
ce
 0.94 
T*30 m 2.47
d
 0.83 16.63
g
 1.93 30.54
abcde
 1.46 52.84
a
 2.40 66.22
e
 1.91 20.65
e
 0.89 
T*60 m 3.93
cd
 1.00 18.85
gf
 2.32 29.43
afg
 1.64 51.73
a
 2.90 66.17
e
 2.63 21.36
e
 1.21 
T*90 m 3.91
cd
 1.35 21.76
gd
 2.52 28.97
fbg
 1.54 49.27
a
 2.88 69.97
ed
 2.80 22.62
ed
 1.15 
T*120 m 1.88
d
 0.65 17.43
gf
 2.26 32.27
ac
 1.79 50.30
a
 3.31 65.19
e
 2.94 20.81
e
 1.36 
             Non Cap*15 m 6.48d
ec
 1.10 32.10
dce
 3.55 29.45
ad
 1.45 38.45
fd
 2.89 80.41
de
 3.25 30.04
c
 1.93 
Non Cap*30 m 6.22
de
 1.35 31.63
de
 3.66 30.47
abc
 1.51 37.90
fd
 3.15 80.84
dce
 3.59 30.90
cb
 1.85 
Non-Cap*60 m 7.06
db
 1.46 34.77
db
 3.70 30.44
abc
 1.62 34.78
fhe
 2.88 82.97
db
 3.76 31.90
ac
 1.90 
Non-Cap*90 m 7.13d
eb
 1.47 35.10
ad
 3.70 28.08
db
 1.63 36.82
fdh
 3.31 82.86
db
 3.77 31.08
ac
 2.09 
Non Cap*12 m 10.09
a
 2.12 38.83
ab
 3.49 29.74
ad
 1.81 31.42
h
 2.84 87.31
ab
 3.61 33.37
ab
 1.81 
Cap*15 m 9.60
ab
 1.70 36.88
ad
 3.65 28.19
db
 1.47 34.91
fhe
 2.65 86.64
abc
 3.67 33.87
ab
 1.82 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 3 continues 
Factors Hyp Hyp Rapid Rapid Medium Medium Slow Slow VCL VCL VSL VSL 
  Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
Cap*30 m 9.28
abc
 1.81 37.90
abc
 3.82 26.94
dc
 1.69 35.15
fhe
 3.00 87.10
ab
 3.94 32.64
ac
 2.14 
Cap*60 m 10.09
a
 1.69 39.67
a
 3.88 26.61
c
 1.58 32.91
fh
 2.96 88.85
a
 4.07 34.37
a
 2.23 
Cap*90 m 10.58
a
 1.94 40.00
ab
 3.73 26.26
d
 1.55 33.73
fh
 3.18 89.61
a
 4.19 33.82
ab
 1.99 
Cap*120 m 9.54
a
 2.14 40.06
ab
 4.36 28.60
ad
 1.96 30.6
hg
 3.32 88.73
ab
 4.99 34.97
a
 2.44 
Procaine*15 m 5.83
de
 1.41 27.37
fe
 3.24 32.14
a
 1.50 40.50
cde
 2.88 77.04
def
 3.08 24.90
d
 1.30 
Procaine*30 m 4.11
de
 1.03 26.59
fe
 3.21 31.34
ab
 1.32 42.07
cbd
 3.01 75.13
ge
 2.94 23.75
de
 1.37 
Procaine*60 m 3.90
de
 1.16 22.88
f
 3.35 30.24
abc
 2.01 46.88
cb
 3.82 70.7
gf
 3.34 21.69
fe
 1.47 
Procaine*90 m 4.235
de
 1.46 24.81
f
 3.23 29.30
ad
 1.90 45.90
ab
 3.60 72.32
g
 3.26 21.41
fg
 1.42 
Procaine*120 m 3.33
e
 1.89 16.81
g
 2.65 31.70
ab
 1.81 51.48
a
 3.28 65.14
h
 2.58 18.75
g
 1.45 
 
B*Non Cap*15 m 11.33
efg
 2.26 54.03
cd
 5.99 25.1
jel
 2.99 20.86
srt
 3.46 100.41
fe
 5.71 42.85
c
 3.21 
B*Non Cap*30 m 13.06
edfg
 2.95 54.91
cd
 6.47 26.54
jc
 3.27 18.55
sur
 3.87 103.19
fd
 6.49 43.17
c
 3.23 
B*Non-Cap*60 m 14.91
ebc
 3.17 60.13
cb
 5.56 24.4j
gf
 3.15 15.45
su
 2.83 107.90
cde
 5.96 45.87
cb
 2.34 
B*Non Cap*90 m 14.09
ebf
 3.01 56.07
cbd
 6.05 23.47
jmi
 2.99 20.46
sur
 3.91 104
cf
 6.28 43.89
c
 3.25 
B*Non-Cap*120 m 17.67
abd
 3.37 59.31
cb
 5.99 24.63
jfl
 3.81 16.04
su
 2.76 108.67
cd
 6.14 45.21
c
 2.45 
B Cap 15 m 18.11
abd
 3.57 60.27
cb
 5.60 21.33
jm
 2.73 18.36
sur
 3.08 108.85
cd
 6.48 45.92
c
 2.80 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 3 continues 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
 
Factors Hyp Hyp Rapid Rapid Medium Medium Slow Slow VCL VCL VSL VSL 
  Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
B Cap 30 m 18.76
ab
 3.67 62.86
ab
 5.94 19.66
md
 2.88 17.45
su
 3.18 111.71
cb
 6.80 47.31
cb
 3.42 
B Cap 60 m 19.69
a
 3.13 67.64
a
 5.02 18.11
m
 2.39 14.26
sq
 2.83 117.14
ab
 6.08 50.79
ab
 3.21 
B Cap 90 m 18.63
ac
 3.38 59.33
cb
 5.94 18.32
m
 2.32 22.33
sq
 6.07 109.51
cd
 7.80 44.81
c
 3.71 
B Cap 120 m 21.37
a
 4.23 69.75
a
 4.68 18.61
mk
 2.76 11.65
u
 2.20 120.51
a
 5.97 51.87
a
 2.64 
B Procaine 15 m 10.95
efghi
 3.52 47.63
ed
 5.36 29.14
abcdefghi
 2.77 23.25
ps
 2.99 95.31
fg
 5.45 32.69
d
 2.41 
B Procaine 30 m 7.15
khklmn
 2.15 42.43
ef
 5.30 31.12
abcd
 2.03 26.45
poqr
 4.09 88.95
hgl
 4.90 31.23
def
 2.17 
B Procaine 60 m 6.53
kgm
 2.78 34.98
hf
 7.20 31.21
abcdeh
 3.15 33.81
pmq
 6.16 82.53
hlj
 6.60 26.92
hel
 2.77 
B Procaine 90 m 4.67
koj
 1.96 30.36
oi
 5.43 33.65
ab
 2.94 36.02
limn
 5.19 78.82
kjlmn
 5.08 25
hgijklmn
 2.31 
B Procaine 120 m 2.48
ol
 0.96 23.62
oipqr
 5.43 31.79
abcd
 2.99 44.59
ld
 5.90 71.54
kq
 4.62 21.49
pjko
 2.64 
M Non Cap 15 m 4.11
ko
 1.46 20.79
os
 3.90 34.56
ab
 1.97 44.67
cdefghi
 3.87 71.84
kq
 3.40 25.93
hgijkl
 1.80 
M Non Cap 30 m 3.51
olm
 1.48 25.38
oipq
 3.67 32.47
abcd
 1.92 42.15
if
 4.30 74.83
klmno
 3.82 27.29
he
 1.54 
M Non Cap 60 m 3.83
ko
 1.46 25.01
oipq
 3.79 35.36
ab
 1.85 39.64
lhmn
 3.74 74.37
klmnop
 3.67 26.5
hflk
 2.01 
M Non Cap 90 m 4.65
ko
 2.11 28.82
hijk
 4.80 29.76
abcdefghi
 2.22 41.42
lhmn
 5.24 76.02
kjlm
 4.69 26.92
dh
 2.41 
M Non Cap 120 m 8.22
kglm
 4.59 30.96
hgi
 3.55 32.2
abcde
 2.36 36.85
ljmno
 3.15 78.07
kjlm
 3.45 29.24
defg
 1.79 
M Cap 15 m 6.18k
oh
 1.84 28.81
hijkmn
 4.63 30.97
abcdefgh
 2.18 40.21
lgm
 3.77 78.17
kjlm
 4.11 29.11
defg
 2.33 
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Table 3 continues 
 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
Factors Hyp Hyp Rapid Rapid Medium Medium Slow Slow VCL VCL VSL VSL 
  Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
M Cap 30 m 5.24
koi
 1.80 31.38
hij
 4.28 32.43
abcd
 2.39 36.19
ljkmn
 3.83 80.07
kl
 4.11 29.1
defg
 2.02 
M Cap 60 m 5.53
koh
 2.06 29.21
hijklm
 4.76 29.93
abcdefghi
 2.26 38.47
lhmn
 4.35 78.67
kjlm
 4.74 29.09
defg
 2.32 
M Cap 90 m 9.64
efghij
 3.66 38.03
efg
 5.82 30.17
abcdefghi
 2.68 31.79
pn
 4.52 87.94
hg
 6.39 31.85
de
 2.45 
M Cap 120 m 4.05
kf
 1.33 26.82
hjkd
 4.02 33.99
abcde
 2.34 36.39
ljmno
 5.20 76.2
kjlm
 3.99 27.27
hfl
 2.26 
M Procaine 15 m 4.82
koj
 1.69 19.95
os
 4.19 34.81
ab
 2.12 45.26
cdefghik
 3.70 71.01
ql
 3.90 21.7
po
 1.50 
M Procaine 30 m 3.7
mo
 1.96 21.51
osk
 5.28 32.40
abcd
 2.19 46.07
cdefghi
 4.46 71.83
kq
 4.92 21.8
pjo
 2.11 
M Procaine 60 m 1.94
on
 1.19 22.74
osk
 4.81 34.48
ab
 3.57 42.79
le
 5.53 72.86
kq
 4.04 22.86
pjk
 2.03 
M Procaine 90 m 1.88
on
 0.71 20.94
os
 5.17 29.6643 3.45 49.4
cdef
 6.67 67.39
qor
 3.91 18.36
ro
 2.22 
M Procaine 120 m 7.84
kglm
 6.32 17.85
sp
 4.06 34.2
abc
 2.71 47.93
cdefgh
 4.27 66.32
qor
 3.53 20.11
pnoq
 2.48 
T Non Cap 15 m 3.98667 1.30 21.49
osk
 4.06 28.69
abc
 1.97 49.82
cdef
 4.19 68.97
qm
 3.52 21.33
pmo
 1.74 
T Non Cap 30 m 2.09
koj
 1.13 14.6
str
 2.93 32.41
hi
 2.31 53.01
cbd
 3.98 64.52
qs
 2.78 22.22
pko
 1.53 
T Non Cap 60 m 2.45
om
 1.09 19.17
osn
 3.69 31.55
jdk
 2.64 49.26
cdefg
 3.62 66.65
qor
 3.97 23.34
hijklmno
 1.79 
T Non Cap 90 m 2.3
olm
 0.88 19.56
osm
 3.54 31.23
mh
 2.80 49.21
cdefg
 5.22 67.65
qnr
 3.90 21.88
pko
 1.97 
T Non Cap 120 m 3.85
olm
 1.60 24.76
oip
 3.54 32.77
abcdefghi
 2.62 42.48
lf
 5.48 73.66
klmno
 3.94 24.81
hgijklm
 2.01 
T Cap 15 m 4.53
koj
 1.78 21.55
osk
 3.49 32.27
abc
 1.74 46.17
cdefghi
 3.49 72.91
kq
 3.76 26.59
hflj
 1.50 
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Table 3 continues 
Factors Hyp Hyp Rapid Rapid Medium Medium Slow Slow VCL VCL VSL VSL 
  Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
T Cap 15 m 3.84
koj
 2.13 19.47
os
 3.50 28.71
defghi
 2.60 51.83
cde
 4.19 69.51
qm
 3.80 21.52
pko
 1.52 
T Cap 15 m 5.69
koj
 2.02 24.04
oipq
 3.66 31.21
abcefg
 2.28 44.77
cdefghij
 4.18 72.63
kq
 3.91 24.32
pko
 1.82 
T Cap 15 m 3.42
ko
 1.60 22.52
ojpqr
 3.47 30.55
abcdefgi
 1.83 46.95
cdefghi
 3.80 71.25
kq
 3.02 24.66
hijkmn
 1.29 
T Cap 15 m 1.39
om
 0.91 19.03
osk
 4.20 34.75
a
 3.06 46.22
cdefghij
 5.09 64.58
qor
 6.27 23.17
hgijklm
 2.05 
T Procaine 15 m 1.73
on
 0.64 14.53
str
 2.72 32.48667
abcdef
 2.81 52.98
cd
 4.67 64.79
qpr
 2.72 20.33
pno
 1.18 
T Procaine 30 m 1.5
on
 0.67 15.83
q
 3.66 30.49
cdefgh
 2.72 53.69
cde
 4.55 64.62
sp
 3.33 18.2
pr
 1.47 
T Procaine 60 m 3.65
ko
 1.95 13.33
st
 4.45 25.51
jk
 3.39 61.16
ab
 6.19 59.23
sr
 5.27 16.43
rq
 2.18 
T Procaine 90 m 6.33
khlmn
 4.00 23.44
ojpqr
 6.30 24.55
mh
 3.18 52.03
cb
 6.21 71.15
qm
 7.55 21.12
plo
 2.67 
T Procaine 120 m 0.36
o
 0.25 8.61
t
 2.85 29.47
abcdefghi
 3.59 61.91
a
 5.51 57.28
s
 4.27 14.63
r
 2.09 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 3 continues 
Factors VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
  Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
B*Non-Cap 63.98
b
 1.40089 2.66
ab
 0.05566 42.33
a
 0.75028 68.54
a
 0.89369 61.59
db
 0.50637 18.00
a
 0.21493 
B*Cap 67.34
a
 1.54192 2.85
a
 0.07205 42.48
a
 0.89069 70.62
a
 1.10719 59.78
e
 0.52777 18.13
a
 0.28442 
B*Procaine 50.21
c
 1.41649 2.43
cb
 0.08503 32.59
d
 0.95436 53.81
dc
 1.38294 60.25
de
 0.51679 15.48
b
 0.50334 
M*Non-Cap 47.23
cd
 0.96461 2.02
d
 0.09107 36.09
b
 0.82245 56.88
bc
 1.07663 63.24
ab
 0.57253 14.37
b
 0.57612 
M*Cap 49.01
c
 1.06551 2.19
cd
 0.06881 36.43
bc
 0.86553 59.01
b
 1.20364 61.65
dc
 0.5772 15.71
b
 0.43725 
M*Procaine 43.04
e
 1.09593 1.51
e
 0.12163 29.59
e
 0.93457 47.76
e
 1.31160 61.59
dec
 0.66527 9.63
c
 0.83809 
T*Non-Cap 43.02
e
 0.90716 1.46
e
 0.10864 33.13
dc
 0.81497 52.17
d
 1.22834 63.51
a
 0.62922 10.60
c
 0.80216 
T*Cap 44.41
ed
 0.93653 1.64
e
 0.09848 33.91
bd
 0.86243 54.47
dc
 1.18909 62.10
ad
 0.64862 11.36
c
 0.73028 
T*Procaine 39.19
f
 1.28059 0.96
f
 0.11152 28.07
e
 0.85442 45.18
e
 1.31866 62.12
abc
 0.64139 6.08
d
 0.70392 
             B*15 m 61.01
a
 1.83786 2.66
a
 0.07489 40.02
a
 1.19703 65.77
a
 1.58273 60.54
ed
 0.61269 17.90
a
 0.3018 
B*30 m 61.01
a
 1.99438 2.67
a
 0.07537 39.77
ab
 1.01204 65.37
ab
 1.43364 60.75
eb
 0.58587 17.92
a
 0.22067 
B*60 m 62.65
a
 2.28657 2.69
a
 0.08954 40.19
ab
 1.31971 65.77
ac
 1.83798 60.86
ec
 0.66834 17.43
ab
 0.45854 
B*90 m 58.87
b
 2.3601 2.54
a
 0.11206 38.21
b
 1.48856 62.98
c
 2.07297 60.14
e
 0.75807 16.13
cb
 0.68048 
B*120 m 60.13
ab
 2.42948 2.69
a
 0.11822 38.17
ab
 1.50718 62.81
cb
 2.19732 60.48
ed
 0.75954 16.77
ab
 0.58292 
M*15 m 45.74
cd
 1.11491 1.96
b
 0.13788 34.55
c
 1.09806 55.14
d
 1.53688 62.58
abc
 0.71807 13.27
ed
 0.90891 
 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 3 continues 
Factors VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
  Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
M*30 m 46.65
c
 1.33868 1.99
b
 0.11533 34.21
c
 0.99459 55.00
d
 1.40606 62.10
ae
 0.71206 14.41
cd
 0.76383 
M*60 m 46.75
c
 1.3582 1.92
b
 0.11885 34.52
c
 1.23318 55.13
d
 1.66852 62.33
abcd
 0.82254 13.57
ed
 0.82416 
M*90 m 46.97
c
 1.79091 1.80
bc
 0.1474 32.61
ce
 1.39524 53.08
d
 2.05910 61.19
ae
 0.83708 11.82
e
 1.03664 
M*120 m 46.19
cd
 1.39593 1.86
bc
 0.13788 34.43
cd
 1.44066 54.61
d
 1.96975 62.59
ae
 0.87411 13.14
e
 1.01339 
T*15 m 42.73
ed
 0.97122 1.53
dc
 0.12339 33.23
cd
 1.0994 52.90
d
 1.58759 62.65
ab
 0.88894 11.71
e
 0.93791 
T*30 m 41.43
e
 1.08622 1.35
d
 0.1281 31.20
ed
 1.08035 49.54
fe
 1.54727 62.88
a
 0.78138 9.25
f
 1.00167 
T*60 m 40.69
e
 1.52569 1.38
d
 0.16547 31.90
ce
 1.18118 51.40
de
 1.73701 61.87
ae
 0.83626 8.96
f
 1.08387 
T*90 m 43.17
ed
 1.5179 1.45
d
 0.14537 32.10
ce
 1.0598 51.63
de
 1.54608 62.11
abcd
 0.80686 9.60
f
 0.96858 
T*120 m 43.24
ce
 1.79688 1.04
e
 0.14662 30.08
e
 1.34293 47.50
f
 2.07787 63.44
a
 0.83666 7.13
g
 1.04201 
             Non Cap*15 m 49.94
de
 1.91415 1.98
db
 0.13657 36.56
a
 1.2972 58.21
b
 1.83381 62.54
abc
 0.81973 14.60
ab
 0.92965 
Non Cap*30 m 50.87
db
 1.96302 2.12
abc
 0.11308 37.52
a
 0.96859 59.17
b
 1.54077 63.57
a
 0.61544 15.20
ac
 0.73713 
Non-Cap*60 m 51.57
dbc
 2.03562 2.04
abc
 0.14524 37.79
a
 1.08328 60.19ab 1.64781 62.88
ab
 0.75132 14.24
ad
 0.91356 
Non-Cap*90 m 51.09
dbc
 2.19481 1.98
abc
 0.14341 36.36
a
 1.35871 58.46b 1.96702 61.99
ad
 0.76825 13.21
db
 0.90402 
Non Cap*12 m 54.15
ac
 1.85132 2.12
db
 0.14064 37.84
a
 1.18119 60.29
ab
 1.69664 62.82
abc
 0.77157 14.38
ad
 0.89958 
Cap*15 m 52.55
ad
 1.86313 2.25
ab
 0.1109 38.89
a
 1.09957 63.18
a
 1.56098 61.56
db
 0.7995 15.85
a
 0.65058 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 3 continues 
Factors VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
  Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
Cap*30 m 52.62
ad
 2.12532 2.19
abc
 0.12225 36.72
a
 1.25681 59.97
b
 1.84968 61.09
db
 0.74708 15.22
ab
 0.77457 
Cap*60 m 53.75
ab
 2.31101 2.28
a
 0.13059 37.85
a
 1.28668 61.83
ab
 1.77355 60.94
dc
 0.79702 14.97
ab
 0.82037 
Cap*90 m 53.71
ad
 2.18708 2.26
ab
 0.12685 37.10
a
 1.2359 61.06
ab
 1.81384 60.59
d
 0.77226 15.31
ab
 0.78256 
Cap*120 m 55.94
a
 2.42258 2.16
bc
 0.15586 37.59
a
 1.39959 61.03
ab
 2.15892 61.69
db
 0.74295 13.97
dbc
 0.92537 
Procaine*15 m 46.99
fe
 1.5636 1.93
dc
 0.14903 32.35
b
 1.02187 52.42
c
 1.55560 61.66
ad
 0.64979 12.44
de
 0.91971 
Procaine*30 m 45.61
fg
 1.62669 1.71
de
 0.15675 30.93
bc
 0.9675 50.77
cd
 1.54625 61.06
db
 0.69445 11.15
fe
 1.0526 
Procaine*60 m 44f
g
 2.01573 1.58
e
 0.1683 30.16
bc
 1.33483 48.93
d
 1.91643 61.24
dc
 0.79215 10.13
fg
 1.10611 
Procaine*90 m 43.84
hg
 1.84594 1.50
ef
 0.16656 29.10
dc
 1.23238 47.62
d
 1.76964 60.86
dc
 0.87888 8.75
hg
 1.03567 
Procaine*120 m 40.44
h
 1.77617 1.37
f
 0.18712 27.45
d
 1.41839 44.11
e
 2.07358 61.79
db
 0.99094 9.00
h
 1.2066 
             B*Non Cap*15 m 62.07
c
 3.40376 2.6
a
 0.11255 42.47
ab
 1.85343 68.23
ab
 2.11985 61.96
jbckl
 1.10819 18.43
ab
 0.41329 
B*Non Cap*30 m 62.93
c
 3.53657 2.65
abc
 0.13161 41.75
abc
 1.50643 67.89
ab
 2.04079 61.43
jbckl
 0.97485 18.23
ab
 0.38993 
B*Non-Cap*60 m 65.63
cb
 2.75272 2.73
bcd
 0.13783 43.06
ab
 1.61035 69.8
ab
 1.86067 61.58
jbckl
 1.23994 18.14
ab
 0.45741 
B*Non Cap*90 m 63.65
c
 3.37842 2.63
abcde
 0.12599 42.22
ab
 1.91255 68.15
ab
 2.32012 61.74
jbckl
 1.1609 17.27
abcde
 0.72195 
B*Non-Cap*120 m 65.67
cb
 2.83288 2.71
abcd
 0.12719 42.13
ab
 1.68957 68.61
ab
 1.85551 61.24
jcekl
 1.30036 17.93
abc
 0.33276 
B Cap 15 m 64.78
c
 3.20614 2.77
abc
 0.13255 42.79
ab
 1.77305 70.81
ab
 1.98308 60.19
jmi
 1.17164 18.31
ab
 0.40338 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
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Table 3 continues 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
 
Factors VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
  Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
B Cap 30 m 66.7
ac
 3.52835 2.81
abc
 0.15445 42.48
ab
 1.63037 70.26
ab
 1.92068 60.3
jmgh
 1.16025 18.22
ab
 0.32852 
B Cap 60 m 70.34
ab
 3.31539 2.89
ab
 0.13566 43.51
b
 1.74056 71.81
ab
 2.08929 60.39
jm
 1.05841 18.79
a
 0.29924 
B Cap 90 m 63.97
c
 4.27161 2.71
abcd
 0.23091 40.01
db
 2.75161 67.51
b
 3.81663 58.46
m
 1.36423 17.33
abcd
 1.26588 
B Cap 120 m 71.13
a
 2.77812 3.06
a
 0.13302 43.66
a
 1.94789 72.81
a
 2.10355 59.63
mk
 1.19721 18.07
ab
 0.23067 
B Procaine 15 m 56.23
d
 2.69507 2.61
a
 0.14602 34.79
jel
 2.00139 58.27
cf
 2.98878 59.47
ml
 0.83863 16.98
abcde
 0.65815 
B Procaine 30 m 53.4
de
 2.41507 2.57
b
 0.10126 35.08
jel
 1.53391 57.97
cdf
 2.33390 60.51
mf
 0.94263 17.32
abce
 0.40038 
B Procaine 60 m 49.95
defg
 3.97461 2.42
bg
 0.18084 32.73
jgklmnop
 2.48457 53.69
mde
 3.38556 60.50
mg
 1.21015 14.97
bj
 1.16283 
B Procaine 90 m 47.45
hijln
 2.99978 2.22
fghijk
 0.20037 31.5
qkmr
 2.21978 51.8
mgn
 2.81678 60.25
jmi
 1.3472 13.45
ifjklmno
 1.27996 
B Procaine 120 m 43.58
pi
 3.08312 2.29
fghi
 0.27652 28.72
qprs
 2.26169 47.02
qn
 3.21063 60.57
jmf
 1.49065 14.33
djkl
 1.54888 
M Non Cap 15 m 45.61
hgijlno
 1.86602 1.93
mg
 0.25103 35.99defgi 1.84317 56.31
cdfgh
 2.47444 63.82
abcd
 1.10252 13.41
ifjklmno
 1.6718 
M Non Cap 30 m 47.54
fkm
 2.08392 2.13
fghijk
 0.13644 36.47 1.15253 57.15
cdfg
 1.52574 63.85
ac
 1.13187 16.03
abcdef
 0.56498 
M Non Cap 60 m 46.67
hgiln
 2.30346 1.85
minop
 0.2416 35.31
jek
 1.80391 55.91
cdfghj
 2.36368 62.93
abcdfgi
 1.55691 12.94
igjklmno
 1.52396 
M Non Cap 90 m 46.92
heild
 2.89551 1.98
mgn
 0.19154 34.91
djk
 2.36807 56.24
cdfg
 3.33948 61.66
jbckl
 1.36281 14.01
idejklm
 1.02556 
M Non Cap 120 m 49.5
he
 1.77312 2.19
fdghijk
 0.18351 37.73
jekdm
 2.14859 58.86
ce
 2.52203 63.75
abcdf
 1.29368 15.5
abcdefg
 1.25216 
M Cap 15 m 47.95
heikh
 1.8999 2.05
mg
 0.1841 37.03
def
 1.93977 59.68
c
 2.70941 62.03
jbckl
 1.42078 15.2
ib
 1.17344 
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Table 3 continues 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
 
Factors VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
  Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
M Cap 30 m 48.69
hei
 2.04635 2.23fdghijfd 0.10173 36.25 1.84021 59
cd
 2.51899 61.23
jmb
 1.17921 16.49
abcdef
 0.61053 
M Cap 60 m 48.3
hei
 2.54631 2.24ghij 0.15639 36.83
defg
 2.20673 59.26
cd
 2.74035 61.8
jbckl
 1.44232 15.61
abcdefg
 0.93528 
M Cap 90 m 52.71
def
 3.19845 2.34fcgh 0.16763 36.41
defgh
 1.75692 60.06
c
 2.42239 60.63
jmgh
 1.41365 16.34
abcdef
 0.88502 
M Cap 120 m 47.44
heif
 2.10736 2.08
fghijkl
 0.15642 35.5
jeklm
 2.15505 56.84
cdfghi
 3.39912 62.61
jbckl
 0.99695 14.85
icjk
 1.2795 
M Procaine 15 m 43.65333
pi
 1.9915 1.91
hno
 0.28567 30.64
qmr
 1.59044 49.42
mnop
 2.21336 61.9
jbckl
 1.20941 11.21
rs
 1.74579 
M Procaine 30 m 43.73
pi
 2.72048 1.61mno 0.28416 29.89
qnrs
 1.61774 48.86
mnop
 2.40881 61.21
jmb
 1.33459 10.72
rnsu
 1.8276 
M Procaine 60 m 45.19
pi
 2.27743 1.64pqr 0.19121 31.21
mr
 2.25848 49.86
mkno
 3.19926 62.26
jbckl
 1.33518 12.05rjs 1.67853 
M Procaine 90 m 41.28
pqo
 2.54064 1.086su 0.26846 26.69
ts
 2.33713 43.17qr 3.28045 61.32
jmbc
 1.63775 5.28
vx
 1.67162 
M Procaine 120 m 40.98
pqo
 2.91794 1.23sur 0.29267 29.42
qprs
 2.81012 47.24qn 3.71460 61.22
imf
 2.1868 8.56
vtw
 2.15584 
T Non Cap 15 m 42.2
pjl
 1.85017 1.41
spt
 0.22157 31.23
jiklmnop
 2.11931 50.07
mino
 2.98798 61.85
jbckl
 1.92786 11.97
ijklmnopq
 1.88213 
T Non Cap 30 m 42.14
pjm
 1.68875 1.57
sn
 0.2085 34.33
jeklm
 1.77881 52.46
mfn
 2.63561 65.45
a
 0.86767 11.37
ijklmnopq
 1.70245 
T Non Cap 60 m 42.4
pjk
 2.08334 1.54
sn
 0.25982 34.99
jem
 1.49547 54.86
cdfghjkl
 2.57212 64.14
ab
 1.06135 11.64
rj
 1.90979 
T Non Cap 90 m 42.14
pm
 2.39067 1.33
sqt
 0.27092 31.77
jqh
 1.99059 50.7
mijno
 2.88067 62.51
jbck
 1.5224 8.47
vs
 1.70519 
T Non Cap 120 m 46.46
hgl
 2.11176 1.43
so
 0.27882 33.36
jfklmnop
 1.69371 52.82
mdf
 2.84287 63.58
abcdfg
 1.4022 9.46
rpst
 1.82716 
T Cap 15 m 44.92
hp
 1.5775 1.94
mgn
 0.19 36.85
deg
 1.69188 59.05
ce
 2.33550 62.47
jbc
 1.55767 14.03
iejkln
 1.32441 
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Table 3 continues 
 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, B=Bottom subpopulation (Fraction 1), M= Middle subpopulation (Fraction 2), 
T=Top subpopulation (Fraction 3), m=minutes 
 
 
 
 
 
Factors VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
  Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
T Cap 15 m 42.45
pjm
 1.8186 1.52
sn
 0.21761 31.43
pq
 2.11229 50.67
mno
 2.90021 61.73
bck
 1.56524 10.95
rmst
 1.76586 
T Cap 15 m 43.73
pi
 2.11071 1.75
mjnopqrnop
 0.26129 33.57
jklmn
 1.97493 55.08
fgjk
 2.58354 60.61
jm
 1.60952 10.77
rost
 1.68788 
T Cap 15 m 44.37
hp
 1.47501 1.74
pq
 0.18121 34.85
jeklm
 1.58715 55.53
mfn
 2.18331 62.69
ibc
 1.06768 12.32
ihjklmnop
 1.49501 
T Cap 15 m 46.92
heik
 3.44413 1.19s
uq
 0.22517 32.66
jfmnop
 2.2159 51.63
dfgjk
 3.05798 63.15
jbc
 1.49128 8.35
rv
 1.72837 
T Procaine 15 m 41.07
pn
 1.55672 1.26sur 0.20256 31.61
qkl
 1.62369 49.57
mno
 2.30494 63.63
abe
 1.09133 9.13
rqst
 1.4596 
T Procaine 30 m 39.71
pq
 2.15499 0.96ut 0.21774 27.83
qt
 1.36415 45.5
qo
 2.31286 61.46
jbckl
 1.35751 5.42
vx
 1.36693 
T Procaine 60 m 35.93
q
 3.26623 0.85tv 0.30046 27.12
tr
 2.12189 44.27
qp
 3.11457 60.87
md
 1.52473 4.48
xw
 1.54932 
T Procaine 90 m 42.98
pgm
 3.97575 1.24sur 0.29754 29.29
qors
 1.69745 48.22
mq
 2.75054 60.98
jmc
 1.65176 7.79
vtu
 1.68289 
T Procaine 120  36.61
q
 3.05325 0.51v 0.19343 24.41
t
 2.32426 38.32
r
 3.59463 63.58
abcdfh
 1.55772 3.67
x
 1.56164 
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Table 4  The mean hyperactivation, swimming speed(rapid, medium, slow) and kinematic parameters  as a result of the effect of 5mM caffeine, 
2mM procaine, non-capacitating medium and capacitating medium on the bottom sperm subpopulation (Treatment and time interaction). 
Factors Hyp Hyp Rapid Rapid Med Med Slow Slow VCL VCL VSL VSL 
  Mean Std.Err Mean 
Std.Er
r 
Mean 
Std.Er
r 
Mean 
Std.Er
r 
Mean 
Std.Er
r 
Mean 
Std.Er
r 
Non-Cap* 30 m 6.36
ljk
 1.37 48.42
ikl
 3.52 32.78
ab
 2.09 18.79
cbd
 1.80 93.56
hj
 2.69 41.47
fg
 2.08 
Non-Cap*60 m 6.04
ljk
 1.32 47.26
ikl
 3.46 33.4
ab
 2.59 19.34
cbd
 1.46 92.91
hj
 2.87 40.59
hg
 1.75 
Non-Cap*90 m 6.81
li
 1.15 51.62
ihj
 3.50 32.4
ab
 2.46 15.99
cf
 1.43 96.08
hgi
 2.71 45.12
fe
 2.30 
Non-Cap*120 m 7.08
li
 1.63 48.27
ikl
 3.75 34.03
a
 2.43 17.72
cde
 1.63 94.35
hj
 3.41 42.1
fg
 2.14 
Cap*15 m 11.12
hij
 2.26 60.49
fg
 2.95 23.71
edf
 1.83 15.82
cde
 1.30 104.75
ef
 3.30 48.36
de
 2.74 
Cap*30 m 14.05
dh
 2.76 61.53
fe
 3.13 23.76
edf
 1.84 14.69
feg
 1.58 108.09
e
 3.80 48.72
dce
 2.55 
Cap*60 m 16.86
dcefg
 2.72 70.34
dc
 2.65 18.21
gh
 1.68 11.44
ig
 1.18 116.78
de
 3.81 52.52
abc
 2.77 
Cap*90 m 17.43
abcef
 3.41 70.26
db
 3.27 20.35
g
 2.42 9.39
ij
 1.10 119.09
ad
 4.57 55.35
a
 2.65 
Cap*120 m 17.24
dcef
 2.97 67.67
de
 3.18 19.98
eg
 1.86 12.34
fgh
 1.61 117.35
db
 4.45 54.36
ab
 2.38 
Caf*15 m 18.47
abc
 3.31 72.12
db
 3.39 18.97
gf
 2.56 8.92
ijh
 1.36 117.08
d
 4.13 48.04
dce
 2.53 
Caf*30 m 19.49
db
 3.42 74.00
abc
 2.61 17.15
gh
 1.58 8.85
ijh
 1.34 118.10
dc
 3.88 48.37
dce
 2.41 
Caf*60 m 23.03
a
 3.80 77.98
a
 2.35 15.46
h
 1.74 6.57
j
 1.01 124.49
a
 3.86 50.85
ad
 2.12 
Caf*90 m 23.27
ab
 3.83 77.81
ab
 2.77 14.74
gh
 2.09 7.45
j
 1.00 124.92
ab
 4.42 48.52
dce
 2.23 
Caf*120 m 20.71
abc
 3.18 74.74
abc
 3.89 16.375
gh
 2.17 8.9
ijh
 2.07 122.78
abc
 4.00 49.7
db
 2.97 
Pro*15 m 12.99
he
 1.84 59.62
fe
 3.07 25.46
ed
 2.11 14.94
feg
 1.43 104.44
ef
 2.91 38.82
hg
 1.94 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, , m=minutes 
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Table 4 continues 
Factors Hyp Hyp Rapid Rapid Med Med Slow Slow VCL VCL VSL VSL 
  Mean 
Std.Er
r 
Mean 
Std.Er
r 
Mean 
Std.Er
r 
Mean 
Std.Er
r 
Mean 
Std.Er
r 
Mean 
Std.Er
r 
Pro*30 m 12.27
hfi
 2.31 56.43
fgh
 2.82 27.72
ed
 2.27 15.86
fd
 1.14 102.26
efg
 3.02 36.56
h
 1.91 
Pro*60 m 10.88
hgik
 2.98 53.95
ig
 3.88 28.99
cb
 2.74 17.07
cde
 1.92 100.24
hf
 4.42 36.68
h
 2.20 
Pro*90 m 8.39
ljk
 2.40 48.29
kj
 4.08 32.16
a
 2.64 19.56
cb
 1.94 94.11
ji
 3.91 32.94
i
 1.97 
Pro*120 m 6.84
lj
 1.97 42.03
l
 4.10 33.66
a
 2.27 24.32
a
 2.75 90.25
ji
 3.95 29.18
i
 1.38 
 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, , m=minutes 
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Table 4. continues 
Factors VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
  Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
Non-Cap* 30 m 54.51
ef
 1.84 2.61
gh
 0.09 44.43
cb
 1.89 75.41
dc
 1.61 58.43
bc
 1.40 16.62
af
 0.38 
Non-Cap*60 m 53.93
f
 1.55 2.71
gf
 0.10 44.03
cb
 1.78 74.77
d
 1.56 58.49
bc
 1.43 16.39
fc
 0.45 
Non-Cap*90 m 57.82
ed
 1.96 2.7
ghf
 0.07 46.99
a
 1.95 77.34
abce
 1.64 60.27
a
 1.36 16.28
fegh
 0.40 
Non-Cap*120 m 55
ef
 2.06 2.72
gf
 0.07 44.74
ac
 1.63 76.00
db
 1.55 58.51
bc
 1.18 16.40
fc
 0.38 
Cap*15 m 61.71
cd
 2.24 2.85
ef
 0.10 46.33
ab
 2.36 77.36
ad
 1.94 59.21
ac
 1.69 17.26
abc
 0.45 
Cap*30 m 62.44
c
 2.37 2.91
edf
 0.12 45.27
ab
 2.06 77.24
ad
 1.70 58.02
ab
 1.58 17.11
abcd
 0.33 
Cap*60 m 66.47
b
 2.43 3.11
bc
 0.14 45.11
ab
 1.94 78.25
abc
 1.71 57.17
bd
 1.47 17.57
a
 0.42 
Cap*90 m 69.37
a
 2.40 3.12
bc
 0.14 46.97
ab
 1.99 79.16
ab
 1.54 58.85
ab
 1.59 17.43
a
 0.38 
Cap*120 m 68.18
ab
 2.28 3.16
bc
 0.13 46.88
ab
 1.87 79.36
a
 1.44 58.68
ab
 1.51 17.45
ab
 0.29 
Caf*15 m 63.92
bc
 2.20 3.06
ec
 0.13 41.51
cd
 2.23 74.36
de
 1.93 55.11
ed
 1.70 17.06
abce
 0.36 
Caf*30 m 64.22
bc
 2.03 3.24
b
 0.13 41.44
cd
 2.17 74.55
de
 2.01 54.85
ed
 1.66 16.45
fb
 0.31 
Caf*60 m 66.8
ab
 1.78 3.31
b
 0.14 41.48
cd
 2.09 75.65
dc
 1.70 54.22
ef
 1.61 16.86
af
 0.46 
Caf*90 m 64.99
bc
 2.02 3.52
a
 0.14 39.26
edf
 1.79 74.19
de
 1.80 52.43
f
 1.33 16.41
fdg
 0.42 
Caf*120 m 65.96
abc
 2.62 3.53
a
 0.13 40.35
ed
 1.95 74.30
de
 2.08 53.76
ef
 1.35 16.42
fc
 0.44 
Pro*15 m 55.61
ef
 1.69 3.13
h
 0.11 37.33
eg
 1.68 69.21
f
 1.87 53.44
ef
 1.19 15.49
ig
 0.48 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, , m=minutes 
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Table 4. continues 
Factors VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
  Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
Pro*30 m 53.96
ef
 1.67 3.19
gh
 0.13 35.9
g
 1.67 67.16
fg
 1.92 52.96
ef
 1.16 15.41
ih
 0.32 
Pro*60 m 53.33
ef
 2.24 3.19
gf
 0.11 36.63
gf
 1.46 68.12
fg
 1.66 53.46
ef
 1.06 14.87
ij
 0.41 
Pro*90 m 49.18
gh
 1.81 3.28
ghf
 0.13 35.03
gh
 1.41 66.33
g
 1.79 52.57
ef
 0.96 14.09
k
 0.47 
Pro*120 m 46.67
h
 1.62 3.12
gf
 0.13 32.42
h
 0.87 62.29
h
 1.41 52.04
f
 0.79 14.16
kj
 0.37 
 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, , m=minutes 
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Table 5. The mean percentage hyperactivation and swimming speed classes (Rapid, medium, slow) and kinematic parameters as a result of the 
effect of 5mM caffeine, 2mM procaine, non-capacitating and capacitating medium on sperm in semen. 
Factors Hyp Hyp Rapid Rapid Med Med Slow Slow VCL VCL VSL VSL 
  Mean 
Std.Er
r 
Mean 
Std.Er
r 
Mean 
Std.Er
r 
Mean 
Std.Er
r 
Mean 
Std.Er
r 
Mean 
Std.Er
r 
Non-Cap*5 m 4.09
ij
 1.22 33.06
l
 3.07 40.73
cb
 1.75 26.22
ab
 2.52 82.49
jk
 2.74 37.24
hf
 1.49 
Non-Cap* 15 m 8.01
fg
 1.91 43.92
kj
 3.70 36.49
ed
 2.37 19.59
fdeh
 2.68 90.71
ih
 3.32 40.37
eb
 1.60 
Non-Cap*30 m 8.08f
eg
 1.94 49.21
hi
 3.75 34.19
edf
 2.12 16.61
jg
 1.99 93.96
geh
 3.28 39.29
edf
 1.74 
Non-Cap*45 m 8.45
fdg
 1.86 51.62
hefi
 3.88 32.13
hfi
 2.15 16.24
jg
 2.51 96.14
gd
 3.21 39.81
ecf
 1.76 
Non-Cap*60 m 7.79
fgh
 1.31 49.29
hij
 3.79 32.77
efg
 1.94 17.93
fjde
 2.35 93.92
gfh
 2.95 36.67
hgi
 1.55 
Cap*0 m 4.36
ijh
 1.29 32.64
l
 3.17 43.81
ab
 2.00 23.54
cb
 2.26 82.79
j
 2.74 38.44
efg
 1.36 
Cap*5 m 3.71
ij
 0.87 41.42
k
 3.08 37.77
cd
 1.61 20.8
cd
 2.30 87.33
ij
 2.24 42.50
abcd
 1.74 
Cap*15 m 8.01
fg
 1.69 49.48
hij
 3.96 31.91
hf
 2.04 18.61
fdeg
 2.82 94.44
gfh
 3.28 43.09
abc
 1.88 
Cap*30 m 10.03
fd
 1.75 57.11
cde
 3.72 26.98
lj
 1.87 15.91
fjk
 2.82 99.15
bcdef
 3.14 43.45
ab
 2.05 
Cap*45 m 11.18
fc
 1.94 59.83
cd
 3.37 26.57
lj
 1.85 13.6
jk
 2.84 102.41
bc
 3.20 44.45
a
 1.65 
Cap*60 m 9.39
fdg
 1.62 58.15
cde
 3.55 27.37
li
 2.05 14.47
jk
 2.47 100.35
gc
 3.08 41.65
abcd
 1.78 
Pro*0 m 6.074
ig
 2.15 41.21
k
 3.61 38.19
cd
 2.38 20.6
ce
 2.03 89.02
ih
 3.36 34.00
ji
 1.28 
Pro*5 m 8.33
fg
 2.52 46.08
ki
 4.10 34.33
edf
 2.30 19.60
fdeg
 2.52 92.83
gh
 3.97 34.26
ji
 1.37 
Pro*15 m 9.81
fd
 1.93 52.16
heg
 4.08 30.72
hfij
 2.27 17.11
fjd
 2.30 97.3
gc
 3.54 34.86
hi
 1.77 
Pro*30 m 11.95
bcd
 2.17 57.99
cdf
 4.06 26.17
lk
 2.18 15.85
hk
 2.19 101.56
bcd
 3.57 35.67
hgi
 1.65 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, , m=minutes 
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Table 5. continue 
Factors Hyp Hyp Rapid Rapid Med Med Slow Slow VCL VCL VSL VSL 
  Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
Pro*45 m 11.97
bcde
 2.08 58.6
cdg
 3.59 26.87
lj
 1.93 14.52
jik
 2.28 101.48
bcd
 3.44 34.49
ji
 1.61 
Pro*60 m 9.11f
dg
 1.60 54.02
hd
 3.41 28.07
hl
 1.63 17.91
fjde
 2.98 96.80
gc
 3.06 32.09
j
 1.35 
Caf*0 m 9.70
fdg
 2.08 53.77
hd
 3.66 33.96
edf
 2.63 12.27
lk
 1.80 98.47
gc
 3.24 41.78
abcd
 1.48 
Caf*5 m 10.61
fd
 2.28 61.87
c
 3.21 28.74
hgijk
 2.39 9.39
lm
 1.22 104.09
b
 3.30 43.16
ab
 1.79 
Caf*15 m 15.25
ab
 2.71 68.95
b
 3.20 24.26
l
 2.44 6.78
nm
 1.09 111.70
a
 3.54 41.85
abcd
 1.28 
Caf*30 m 18.10
a
 2.63 74.44
ab
 2.90 19.54
m
 2.02 6.02
n
 1.06 115.67
a
 3.17 42.00
abcd
 1.24 
Caf*45 m 14.80
b
 1.74 76.17
a
 2.93 19.20
m
 2.22 4.61
n
 0.97 115.57
a
 2.94 42.05
abcd
 1.19 
Caf*60 m 14.5
bc
 2.11 76.96
a
 2.72 17.90
m
 1.87 5.14
n
 1.01 115.4
a
 2.79 41.75
abcd
 1.31 
 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, , m=minutes 
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Table 5 continues 
Factors VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
  Mean Std.Err Std.Dev. Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
Non-Cap*5 m 51.01
nm
 1.71 2.31
nm
 0.10 45.27
cb
 1.32 72.88
cb
 1.60 62.13
ab
 1.14 14.79d
bceg
 0.62 
Non-Cap* 15 m 54.63
khl
 1.71 2.50
jkl
 0.09 44.87
cb
 1.41 73.72
ac
 1.77 60.74
cb
 1.01 15.24
ab
 0.53 
Non-Cap*30 m 55.60
fk
 1.71 2.58
jg
 0.11 42.16
d
 1.63 70.56
gd
 2.20 59.65
cde
 1.06 15.21
abe
 0.68 
Non-Cap*45 m 56.52
feg
 1.77 2.69
fegh
 0.12 41.65
de
 1.63 70.27
gd
 2.13 59.08
gd
 0.94 14.75
dbcegi
 0.68 
Non-Cap*60 m 53.78
kjl
 1.52 2.71
fgh
 0.13 39.12
gf
 1.28 68.02
jh
 2.02 57.65
gfh
 0.94 13.89
jhk
 0.62 
Cap*0 m 51.75
ml
 1.40 2.3
nl
 0.10 47.00
ab
 1.74 74.04
ac
 1.68 63.03
a
 1.21 14.78
dbcegh
 0.38 
Cap*5 m 55.15
kg
 1.48 2.37
nk
 0.08 48.65
a
 1.66 76.48
a
 1.78 63.33
a
 1.11 16.05
a
 0.40 
Cap*15 m 56.98
fcgh
 1.66 2.56
jh
 0.12 45.79
cb
 1.62 74.97
ab
 1.93 60.90
cb
 1.14 15.5
ab
 0.64 
Cap*30 m 58.61
abce
 1.79 2.73
fegi
 0.13 43.78
cd
 1.65 73.41
cbd
 2.06 59.49
cde
 1.12 15.39
ab
 0.68 
Cap*45 m 59.82
abd
 1.54 2.87
cf
 0.14 43.57
cd
 1.26 74.00
cb
 1.80 58.93
gd
 1.00 15.25
dbc
 0.64 
Cap*60 m 57.72
fb
 1.57 2.95
cd
 0.11 41.51
def
 1.29 71.70
cdef
 1.83 57.86
geh
 0.81 14.78
dbcegh
 0.46 
Pro*0 m 52.09
ml
 1.71 2.45
jkl
 0.14 39.12
geh
 1.71 66.07
jik
 2.28 58.93
gd
 1.03 13.66
jhi
 0.66 
Pro*5 m 53.03
km
 1.73 2.57
jhik
 0.13 37.91
ghj
 1.57 65.25
jk
 2.25 58.00
gd
 1.19 13.74
jg
 0.59 
Pro*15 m 54.10
kil
 1.73 2.77
fdeg
 0.13 36.14
kij
 1.50 64.54
lk
 2.45 56.04
jh
 0.91 13.87
jg
 0.61 
Pro*30 m 55.88
fghij
 1.67 2.85
fde
 0.15 35.57
kli
 1.46 64.04
lk
 2.31 55.54
jik
 0.98 13.57
jik
 0.67 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, , m=minutes 
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Table 5 continues 
Factors VAP VAP ALH ALH LIN LIN STR STR WOB WOB BCF BCF 
  Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err Mean Std.Err 
Pro*45 m 55.48
fk
 1.65 3.01
cb
 0.14 34.27
kl
 1.47 62.29
lm
 2.43 55.11
jk
 0.92 12.90
lk
 0.71 
Pro*60 m 52.90
km
 1.54 2.72
fegh
 0.20 33.48
l
 1.22 60.96
m
 2.09 55.07
jkl
 1.03 12.28
l
 0.88 
Caf*0 m 57.63
fcdg
 1.66 2.47
jklm
 0.08 43.06
cd
 1.59 72.70
cbd
 1.83 58.92
cdef
 1.03 15.53
ac
 0.29 
Caf*5 m 59.47
abc
 1.95 2.74
fdgh
 0.09 41.91
d
 1.59 72.49
cbd
 1.62 57.38
ghi
 1.16 15.17
acf
 0.31 
Caf*15 m 60.18
ab
 1.69 2.93
ce
 0.07 38.14
ghi
 1.37 69.96
geh
 1.69 54.26
mk
 0.95 15.14
ad
 0.37 
Caf*30 m 60.92
a
 1.38 3.19
ab
 0.07 36.89
gk
 1.29 69.24
geh
 1.70 53.11
m
 0.97 14.70
djbf
 0.31 
Caf*45 m 61.19
a
 1.26 3.22
ab
 0.08 36.80
ghi
 1.18 68.88
gfhi
 1.60 53.31
ml
 0.84 14.39
djb
 0.34 
Caf*60 m 60.8
a
 1.40 3.25
a
 0.08 36.57
kh
 1.24 68.84
ghi
 1.69 52.95
m
 0.85 14.01
jek
 0.30 
Hyp=percentage hyperactivation (%), Rapid= Percentage rapid swimming sperm (%), Med= percentage medium swimming sperm(%), Slow= percentage slow swimming 
sperm(%),VCL= Curvilinear Velocity, VSL=Straight Line velocity(µm/s), VAP= Average path velocity(µm/s), ALH= Lateral head displacement, LIN=Linearity(%), 
STR=Straightness(%), WOB=Wobble, BCF(Hz) Cap=capacitating medium, Caf= caffeine, , m=minutes 
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